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1.  Introduction 

The  objectives  of  this  research  program  have  been  to  develop  new  magnetic-oxide 
heteroepitaxial  materials  for  new  integrated  microwave,  millimeter  wave  and  optical  signal 
processing  devices.  There  have  been  four  thrusts  to  the  work  carried  out  in  this  program.  One 
thrust  was  to  develop  new  garnet  heterostructures  which  would  make  possible  a  new  class  of 
integrated  microwave  and  optical  signal  processing  devices.  Another  was  to  develop  silicon-on- 
garnet  technology  so  that  silicon  and  magnetic  garnet  devices  could  be  integrated  onto  a  single 
substrate.  A  third  was  to  develop  alternative  lower  temperature  processes  than  liquid  phase 
epitaxy  which  could  be  used  to  grow  garnets  on  nongarnet  substrates.  A  fourth  was  to  develop 
techniques  which  would  make  possible  the  growth  of  thin  film  hexaferrites  for  new  microwave 
and  millimeter  wave  devices. 

The  research  carried  out  in  each  of  these  areas  is  briefly  summarized  below.  Detailed  reports 
on  each  thrust  are  contained  in  accompanying  reports. 

2.  Garnet  Heterostructures  for  Microwave  and  Optical  Signal  Processing 

All  of  the  experimental  and  theoretical  investigations  of  optical-MSW  interactions  to  date  have 
involved  a  single  film  of  garnet  which  served  simultaneously  as  a  guide  for  the  optical  and 
magnetostatic  modes.  This  places  rather  stringent  material  requirements  upon  the  film  since  it 
must  simultaneously  exhibit  low  optical  absorption,  low  ferromagnetic  resonance  linewidth, 
and  high  Faraday  rotation.  We  have  recently  proposed  that  the  desired  properties  can  be  more 
easily  realized  in  a  structure  consisting  of  two  or  more  layers.  In  such  a  case,  alternating 
layers  could  be  optimized  for  magnetic  and  optical  properties. 

The  first  layer  in  the  proposed  garnet  heterostructure  is  a  thin  film  of  yttrium  iron  garnet 
(YIG)  grown  on  a  gadolinium  gallium  garnet  (GGG)  substrate.  This  is  followed  by  an  epitaxial 
layer  of  GGG  and  then  an  overlayer  of  bismuth-lutetium  iron  garnet.  In  this  structure,  the  YIG 
layer  is  optimized  for  MSW  propagation,  while  the  {Bi,Lu)IG  overlayer  is  optimized  for  optical 
mode  propagation. 

Under  this  program,  we  concentrated  our  efforts  on  growth  techniques  for  the  (Bi,Lu)IG  layer, 
since  this  material  is  the  most  difficult  to  grow  with  the  required  properties.  We  studied  films 
grown  with  liquid  phase  epitaxy  from  two  different  melts:  one  based  on  bismuth  oxide  and  the 
other  based  on  lead  oxide.  Significant  results  were  obtained  using  both  melts,  although  further 
improvements  are  needed. 

At  the  low  growth  temperature  required  for  the  incorporation  of  necessary  amounts  of  bismuth 
for  a  significant  Faraday  rotation  value,  the  standard  LPE  melt  is  highly  viscous  and  flux 
adhesion  impairs  the  surface  morphology  of  the  films.  Na20  is  known  to  be  effective  in 
decreasing  this  viscosity  and  therefore  promoting  flux  removal  in  the  LPE  crystal  growth  of 
rare-earth  garnet  films.  However,  prior  to  our  work,  no  controlled  study  of  the  effect  on 
magnetic  and  magneto-optic  properties  of  the  inclusion  of  Na^  had  been  made. 
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Significantly,  we  found  that  while  the  incorporation  of  Na20  in  the  melt  improved  surface 
morphology,  the  Faraday  rotation  was  unchanged,  and  the  only  microwave  effect  was  the 
introduction  of  100-200  Oe  of  growth-induced  anisotropy.  This  anisotropy  could  be  removed 
by  annealing,  but  may  also  be  used  to  fine  tune  the  frequency  of  the  MSW  passband.  Since  the 
MSW  passband  frequency  is  a  critical  parameter  in  the  proper  operation  of  the  heterostructure, 
this  may  prove  to  be  an  important  new  capability. 

A  significant  difficulty  with  the  bismuth  oxide  melt,  however,  is  that  the  films  always  have 
significant  absorption  lines  in  the  MSW  passband  from  higher-order  degenerate  exchange 
modes.  Because  of  this,  we  also  explored  films  grown  from  a  lead-oxide  melt. 

(Bi,Lu)IG  films  grown  with  a  lead  oxide  melt  showed  smooth  MSW  passbands,  but  the  insertion 
loss  was  high  and  the  FMR  linewidth  was  typically  2-3  Oe.  Since  the  addition  of  MgO  is  known  to 
improve  both  microwave  and  optical  losses  when  added  to  the  bismuth  oxide  melt,  we  studied  its 
effect  when  added  to  a  lead-oxide  melt.  We  found  that  although  the  optical  loss  was  unchanged, 
the  FMR  linewidth  was  reduced  to  1  Oe  or  below. 


A  disadvantage  of  the  use  of  a  lead  oxide  melt  is  that  the  incorporation  of  lead  contributes  to 
optical  absorption.  The  relatively  high  optical  loss  at  1.3  pm  of  10-20  dB/cm  could  perhaps  be 
reduced  with  the  use  of  a  high  temperature  anneal  in  forming  gas.  Consequently,  we  believe  this 
new  melt  may  show  the  most  promise  yet  of  achieving  (Bi,Lu)IG  films  with  the  required  optical 
and  microwave  properties. 

3.  Silicon-on-Garnet  Technology 


The  feasibility  of  combining  silicon  and  magnetic  garnet  technologies  on  a  single  substrate  was 
demonstrated.  Functional  MOSFETs  and  silicon  magnetodiodes  were  fabricated  in  both  laser- 
annealed  and  600*C  vacuum-annealed  polysilicon  deposited  onto  magnetic  garnets  coated  with 
Si02  and  Si3N4. 


Fabrication  of  silicon-on-garnet  magnetodiodes  is  straightforward  from  a  structural  point  of 
view;  the  substrates  used  in  this  work  were  (111)  GGG,  and  each  substrate  had  a  single  bubble 
film  on  it.  A  double-layer  spacer,  consisting  of  Si02  and  Si3N4,  was  used  to  isolate  the  silicon 
device  layer  from  the  bubble  film.  Low  pressure  chemical  vapor  deposition  was  used  to  deposit 
these  materials  with  laser  recrystallization  being  employed  to  increase  the  grain  size  of  the 
silicon  device  layer.  The  oxide  and  nitride  layers  can  also  be  deposited  by  sputtering  and  plasma 
enhanced  CVD  -  the  advantage  with  these  processes  is  that  process  induced  decomposition 
(which  is  observed  to  some  degree  or  another  during  the  oxide,  nitride,  and  polysilicon 
depositions)  is  not  a  major  issue.  It  is  further  noted  that  sputtering  appears  to  be  the  better  of 
the  two  processes  since  results  with  Si02  films  show  that  oxide  layers  deposited  by  plasma 
enhanced  CVD  require  high  temperature  densification  while  sputter  deposited  ones  do  not.  Use  of 
undensified  plasma  Si3N4  spacers  caused  major  adhesion  problems  in  silicon-on-garnet 
structures:  the  nitride  and  silicon  layers  flaked  and  peeled  off  in  the  processing  that  followed 
the  laser  recrystallization.  Use  of  undensified  plasma  Si02  layers  is  not  possible  since  post- 
recrystallized  silicon  films  contain  an  unacceptably  high  density  of  holes.  Process  induced 
cracking  of  the  oxide,  nitride,  and  silicon  layers  has  also  been  seen  after  laser 
recrystallization,  and  it  appears  that  the  magnitude  of  this  problem  can  be  minimized  in  a  well 
controlled  process. 

Cross  sectional  TEM  work  revealed  that  the  laser  recrystallization  of  the  silicon  device  layer 
damaged  the  topmost  0.09  to  0.16  ^m  of  the  magnetic  bubble  film.  This  layer  was  found  to  be 
polycrystalline  and  is  believed  to  be  nonmagnetic  in  its  macroscopic  properties.  The  thickness 
of  the  damaged  bubble  layer  should  be  reduced  by  increasing  the  spacer  layer  thicknesses. 
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Decreased  sensor  performance  (due  to  increased  sensor/domain  separation)  could  then  be  offset 
by  using  silicon-on-garnet  MOSFETs  to  amplify  the  reduced  magnetodiode  output  signals. 

Silicon-on-garnet  fabrication  processes  with  high  temperature  process  steps  have  been  found 
to  alter  the  room  temperature  magnetic  properties  of  bubble  films.  Films  containing  the  Al 
diluent  are  much  more  sensitive  to  process  induced  changes  in  magnetization  than  are  films 
containing  only  the  Ga  diluent,  presumably  because  less  energy  is  required  to  transfer  the 
smaller  Al  ion  between  sublattice  sites.  The  process  steps  which  most  strongly  affected  film 
properties  were  the  LPCVD  depositions,  the  laser  recrystallization,  and  the  850°C  gate 
oxidation.  In  fact,  it  was  shown  that  loss  of  oxygen  from  the  bubble  film  during  the  LPCVD  Si02 
spacer  deposition  caused  major  bubble  film  coercivity  increases  along  with  decreased  domain 
wall  mobilities.  Our  work  with  ion-implanted  contiguous-disk  propagation  patterns  has  shown 
that  domain  propagation  in  material  with  such  properties  is  highly  unlikely. 

Low  temperature  fabrication  processes  were  found  to  be  considerably  less  harsh  on  magnetic 
bubble  films,  and  it  appears  that  loss  of  oxygen  from  the  bubble  film  is  not  a  major  problem  in 
the  process  we  developed.  Coercivity  increases  for  this  process  are  small.  Moreover,  it  is 
found  that  changes  to  perpendicular  anisotropy  are  not  significant:  changes  to  magnetization  and 
the  characteristic  length  are,  however,  but  it  is  important  to  note  that  these  changes  can  be 
mitigated  by  selecting  the  appropriate  starting  material. 

Working  magnetodiodes  have  been  fabricated  on  silicon  and  magnetic  bubble  substrates  coated 
with  Si02  and  Si3N4.  These  devices  are  important  because  the  current  and/or  voltage  of  this 
type  of  device  can  be  modulated  by  an  in-plane  magnetic  field.  The  magnetic  field  sensitivity  is 
greatest  when  the  device  is  biased  in  the  low-current  positive  resistance  region;  at  larger 
currents,  the  sensitivity  is  found  to  fall  off  due  to  charge  trapping  effects  that  are  associated 
with  the  nitride  and/or  gate  oxide  layers.  Charge  trapping  effects  are  more  pronounced  for 
magnetodiodes  fabricated  on  bubble  substrates,  and  the  difference  can  be  explained  by  a 
variation  in  the  degree  to  which  the  oxide  and  nitride  layers  are  contaminated  with  bubble  film 
ions. 

Differential-magnetodiode  bubble  domain  sensors  have  been  shown  to  have  outputs  in  the  2.2  to 
9.1  mV  range  with  two  micrometer  bubbles.  Addition  of  on-chip  silicon-on-garnet  MOSFET 
based  amplifiers  is  expected  to  lead  to  improved  sensitivities  and  highly  ver«:atile  computing 
structures. 

MOSFETs  have  been  fabricated  on  silicon  and  magnetic  bubble  substra'es  with  three  different 
processes.  The  first  used  a  sputtered  Si02  layer  to  isolate  the  siliccn  device  layer  from  the 
substrate,  and  it  was  found  that  this  isolation  was  very  poor  for  the  bubble  substrate.  Improved 
isolation  was  achieved  in  the  second  process  which  used  a  Si02  +  Si3N4  spacer  system  -  gate 

oxide  breakdown  did  not  occur  until  oxide  fields  exceeded  3.8  x  10^  V/m.  Electron  mobilities 
for  devices  fabricated  on  this  double  layer  spacer  were  typically  in  the  100  to  200  cm^/V-sec 
range.  The  best  isolation,  however,  was  achieved  with  a  low  temperature  silicon-on-garnet 
fabrication  process;  process  temperatures  for  this  third  technology  did  not  exceed  600°C,  ana 
we  note  that  gate  oxide  breakdown  fields  exceeded  2x10®  V/cm. 

4.  Growth  of  Garnets  by  Sputtering  and  Pyrolysis 

Although  liquid  phase  epitaxy  produces  high  quality  garnet  thin  films,  it  would  be  desirable  to 
have  alternative  growth  techniques  which  are  less  costly,  require  lower  temperatures  and  can 
be  used  with  substrates  other  than  single  crystal  garnets.  Accordingly,  a  study  has  been  carried 
out  to  evaluate  the  feasibility  of  depositing  garnets  by  rf  magnetron  sputtering  and  by  pyrolysis 
(thermal  decomposition  of  spin  coated  oxides).  It  was  shown  possible  to  produce  garnet  thin 
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films  using  these  techniques  on  a  variety  of  substrates.  On  amorphous  substrates,  the  films  are 
polycrystalline,  but  nevertheless  have  desirable  properties.  These  films  require  lower 
processing  temperatures  (670°C  versus  ~900°C  for  liquid  phase  epitaxy)  and  allow  easy  ionic 
substitution.  The  chemical  composition  has  a  large  influence  on  magnetic  properties  such  as 
compensation  temperature  and  Curie  temperature,  and,  through  these,  controls  other  material 
parameters  such  as  coercivity.  For  sputter  deposited  films,  it  was  shown  that  the  composition 
can  be  finely  adjusted  by  the  sputtering  parameters.  It  was  also  shown  to  be  important  to  keep 
resputtering  from  the  growing  film  to  a  minimum  to  achieve  a  high  bismuth  content,  which  is 
desirable  in  magneto-optic  devices. 

The  properties  of  polycrystalline  films  grown  by  sputtering  or  thermal  decomposition  of  spin 
coated  oxides  were  found  to  be  strongly  influenced  by  the  microstructure  of  the  films.  To 
achieve  uniform  properties,  it  was  found  to  be  desirable  to  have  an  extremely  fine  grain  size. 
Accordingly,  extensive  studies  were  done  of  the  crystallization  processes  in  these  materials.  A 
simple  and  rapid  technique  for  characterizing  the  grain  size  and  distribution  in  these  films  was 
developed.  In-situ  annealing  studies  in  a  transmission  electron  microscope  showed  that  the 
grain  size  is  determined  by  the  initial  nucleation  density  of  the  garnet  phases  and,  therefore,  to 
decrease  the  grain  size,  it  is  necessary  to  increase  the  nucleation  density.  It  was  also  found  that 
the  large  bismuth  ion  readily  segregates  to  spherical  regions  distributed  throughout  the  film  in 
the  as-deposited  state,  and  that,  as  the  film  is  heated,  the  bismuth  transforms  into  p-Bi203. 

5.  Growth  of  Hexaferrite  Thin  Films 

A  study  of  the  feasibility  of  growing  high  quality  thin  films  of  hexaferrites  was  also  carried  out. 
Hexaferrite  materials  are  used  extensively  in  microwave  and  millimeter-wave  devices  today, 
and  are  also  of  potential  interest  for  magnetic  and  magneto-optical  recording  technology.  All 
devices  made  today  utilize  bulk  hexaferrite  materials;  however,  thin  film  hexaferrites,  if 
available,  would  substantially  reduce  cost,  enhance  performance  and  make  possible  new 
applications. 

The  methods  of  deposition  studied  here  included  magnetron  sputtering  and  liquid  phase  epitaxy. 
The  sputter  deposited  films  exhibited  good  c-axis  texture,  magnetization  within  10%  of  bulk 
single  crystal  hexaferrite  and  uniaxial  perpendicular  anisotropy  within  about  50%  of  bulk 
value.  To  achieve  these  properties  it  was  found  to  be  extremely  important  to  control  the 
sputtering  parameters  during  deposition  of  the  films.  Generally,  it  was  found  that  low 
sputtering  power  and  low  argon  pressure  resulted  in  better  c-axis  orientation,  higher 
magnetization  and  larger  perpendicular  anisotropy.  In  addition,  target  composition  is  critical. 
It  was  found  necessary  to  have  a  slight  excess  of  barium  in  the  target  to  achieve  near¬ 
stoichiometry  in  the  film.  Additional  refinements  in  target  composition  and  in-situ  annealing  of 
the  films  during  deposition  are  expected  to  yield  films  with  magnetic  properties  even  closer  to 
those  of  bulk  hexaferrites. 

Attempts  to  grow  high  quality  hexaferrite  films  by  liquid  phase  epitaxy  onto  sputter-deposited 
hexaferrite  films  on  sapphire  were  much  less  successful.  Typically,  other  phases  were  present 
in  the  LPE  films;  high,  uncontrolled  growth  rates  resulted;  and  films  were  very  nonuniform  due 
to  problems  with  flux  adhesion.  R.F.  magnetron  sputter  deposition  appears  to  be  much  more 
promising  as  a  growth  technique  for  thin  hexaferrite  films. 

6.  Detailed  Reports  by  Thrust 

Attached  to  this  summary  are  four  detailed  reports  entitled: 

{  1  )  YIG-{BiLu)iG  Heterostructures  for  Microwave  and  Optical  Signal  Processing 
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Devices 

(  2  )  Bismuth-Doped  Lutetium  Iron  Garnet  Thin  Films  for  the  MSW-Optical  Mode 
Interaction 

(  3  )  Polycrystalline  Iron  Garnet  Thin  Films 
( 4 )  Magnetic  Hexaferrite  Films 

The  first  two  describe  work  related  to  the  liquid  phase  epitaxial  growth  of  garnet 
heterostructures.  The  third  describes  the  work  on  fabricating  high  quality  garnet  thin  films  by 
sputtering  and  pyrolysis.  The  fourth  describes  the  work  on  deposition  of  hexaferrite  thin  films. 
A  detailed  report  on  the  silicon-on-garnet  technology  was  previously  published  as  the  Ph.D. 
dissertation  of  P.  H.  L.  Rasky  and  submitted  as  part  of  the  second  Annual  Technical  Report  of 
Grant  AFOSR-89-0097  for  the  time  period  Nov.  1.  1989-Oct.  31,  1990.  Accordingly,  it  is 
not  repeated  here. 
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8.  Professional  Personnel  Associated  with  the  Research  Effort 

M.H.  Kryder,  Professor  of  Electrical  and  Computer  Engineering 

D.D.  Stancil,  Professor  of  Electrical  and  Computer  Engineering 

D.E.  Laughlin,  Professor  of  Materials  Science  and  Engineering 

M.  Ramesh,  Research  Engineer 

D.J.  Rogers,  Postdoctoral  Research  Associate 

A.  Zeltser,  Postdoctoral  Research  Associate 

W.  Eppler,  Ph.D.  Candidate 
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J.M.  Peruyero,  Graduate  Student,  M.S.  completed  (Course  Option)  August  1990 

P.H.L.  Rasky,  Graduate  Student,  Ph.D.  completed  May  1990 

Thesis  Title:  "Characterization  of  Silicon  and  Silicon-on-Garnet  Devices  with 
Applications  to  the  Detection  of  Magnetic  Bubble  Domains  in  an  Ion-Implanted 
Contiguous  Disk  Memory" 

S.D.  Silliman,  Graduate  Student,  M.S.  completed  May  1992 

M.S.  Project  Title:  "Bismuth-Doped  Lutetium  Iron  Garnet  Thin  Films  for  the 
MSW-Optical  Mode  Interaction" 

X.  Sui,  Ph.D.  Candidate 

W.  Wang,  Graduate  Student,  M.S.  completed  May  1990 

M.S.  Project  Title:  "Sputter  Deposition  of  Hexaferrite  Thin  Films  for  Magnetic 
and  Microwave  Applications" 

9.  Presentations 

D.D.  Stancil,  "Optical  Interactions  with  Magnetostatic  Waves  and  Applications,"  Invited  paper 
presented  at  the  IEEE  1990  Ultrasonics  Symp.,  Dec.  4-7,  1990. 

M.  Ramesh,  J.  Peruyero,  D.  Gualtieri,  D.  Stancil  and  S.  Silliman,  "Effect  of  Na  on  the  Microwave 
and  Optical  Properties  of  (Bi-Lu)IG  and  YIG,"  presented  at  the  Joint  MMM-Intermag  Conf., 
Pittsburgh,  PA,  June  18-21,  1991. 

S.D.  Silliman,  D.M.  Gualtieri  and  D.D.  Stancil,  "Improvement  of  FMR  Linewidth  in  Bi- 
Substituted  Lutetium  Iron  Garnet  Thin  Films  for  the  MSW-Optical  Mode  Interaction,"  submitted 
to  ST'f’  Annual  MMM  Conf.  to  be  held  in  Houston,  TX,  Dec.  104,  1992. 

D.D.  Stancil,  "Integrated  Magneto-Optical  Devices,"  Fall  1990  Colloquium  Series,  Electrical 
Engineering  and  Computer  Science  Department,  George  Washington  University,  Nov.  28,  1 990. 

W.E.  Eppler,  D.J.  Rogers,  D.E.  Laughlin  and  M.H.  Kryder,  "Microstructural  Investigations  of  Bi 
Doped  Fe  Garnet  Thin  Films  for  Magneto-Optical  Recording,"  submitted  to  Magnetism  and 
Magnetic  Materials  Conf.,  Houston,  TX,  Dec.  1992. 

10.  Consultations 

Dr.  Salvador  Talisa,  Dr.  Kee-Chang  Yu  and  Dr.  Mike  Daniel,  Westinghouse  Science  and 
Technology  Center.  We  met  several  limes  during  the  program  to  discuss  research  on  MSW- 
optical  materials  and  devices  and  have  exchanged  samples.  They  have  also  allowed  us  to  make 
measurements  in  their  laboratory  and  have  lent  equipment  to  us.  Their  work  is  supported  in 
part  by  the  Naval  Research  Laboratory. 

Prof.  John  Kramer  from  the  University  of  Delaware  visited  our  laboratory  on  November  8, 
1990  to  discuss  MSW-optical  materials  and  devices.  He  is  also  supported  by  the  Naval 
Research  Laboratory. 

Dr.  Arthur  Fisher,  Dr.  John  Lee  and  Mr.  John  Butler,  Naval  Research  Laboratory.  Dr.  Fisher 
and  Mr.  Butler  visited  CMU  in  Oct.  1989,  and  there  have  been  numerous  telephone  and 
electronic  mail  communications  with  this  group  since  that  time.  They  are  active  in  MSW- 
optical  device  research  and  have  supported  the  above  two  groups. 
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Prof.  Y.  Ikamura,  Osaka  University,  visited  CMU  on  Nov.  7,  1990  and  presented  a  seminar  on 
integrated  optics  research  at  Osaka  University.  They  are  active  in  developing  integrated  optical 
devices  using  garnet  thin  films. 

Dr.  Devlin  Gualtieri,  Allied-Signal.  We  have  worked  closely  with  Dr.  Gualtieri  on  the  growth  of 
Bi-YIG  films.  Dr.  Gualtieri  was  instrumental  in  getting  Allied-Signal  to  donate  a  Varian  EPR 
Spectrometer  to  us  which  we  used  extensively  to  evaluate  films  grown  under  this  program.  He 
also  grew  a  number  of  experimental  films  for  us  and  was  a  significant  contributor  to  two  of  our 
publications. 

Dr.  William  Ross,  Litton  Data  Systems,  and  Dr.  Roger  Belt,  Airtron.  D.  Lambeth  and  D.  Stancil 
are  presently  being  supported  by  Litton  Data  Systems  to  do  research  on  a  new  magneto-optical 
spatial  light  modulator  for  optical  signal  processing.  This  work  involves  processing  of  Bi- 
substituted  garnets  that  have  much  in  common  with  the  MSW-optical  work.  Dr.  Belt  is  also 
interested  in  materials  for  MSW-optical  interactions.  Both  Dr.  Ross  and  Dr.  Belt  have  visited 
CMU  several  times  during  the  program. 

Dr.  Hitoshi  Tamada,  Sony  Corporation  Corporate  Research  Labs.  Dr.  Tamada  visited  CMU  briefly 
on  Nov.  7,  1990  to  discuss  MSW-optical  device  interactions.  Dr.  Tamada  has  done  some  of  the 
leading  work  on  developing  (Bi,Lu)IG  films. 

Prof.  Chen  Tsai,  University  of  California-Irvine.  Prof.  Stancil  visited  Prof.  Tsai  on  Nov.  2, 
1990  to  discuss  MSW-optical  devices.  Prof.  Tsai  has  done  considerable  work  on  the  transverse 
interaction  for  spectrum  analysis  and  beam  deflection. 

Dr.  Philip  Gerard  of  the  Division  d'Electronique  de  Technologie  et  d'Instramentation  (LETI)  in 
France  on  Nov.  8,  1990  to  discuss  hexaferrite  thin  film  growth.  Dr.  Gerard  has  been  involved 
in  the  epitaxial  growth  of  thin  film  hexaferrites  of  LETI. 

Dr.  D.E.  Grey,  Dr.  I.S.  Jacobs  and  Dr.  F.E.  Luborsky  of  General  Electric  Corporate  Research  and 
Development  have  worked  with  us  extensively  on  the  growth  of  garnets  and  hexaferrites. 
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YIG-(Bi,Lu)IG  Heterostructures  for  Microwave  and  Optical  Signal 
Processing  Devices 

1.  Background 

Heteroslructures  involving  magnetic  garnet  films  have  a  promising  future  for  use  in  a 
new  class  of  microwave  and  optical  signal  processing  devices.  ^  In  particular, 
microwave  magnetostatic  waves  interacting  with  optical  guided  modes  can  be  used  to 
realize  device  functions  such  as  microwave  and/or  optical  spectrum  analysis,  optical 
frequency  shifting,  and  optical  beam  deflection. 

To  enhance  the  efficiency  of  the  interaction  while  maintaining  desirable  microwave  and 
optical  properties,  we  are  attempting  to  grow  a  multiple  layer  heterostructure.  The 
first  layer  is  a  thin  film  of  yttrium  iron  garnet  (YIG)  grown  on  a  gadolinium  gallium 
garnet  (GGG)  substrate.  This  is  followed  by  an  epitaxial  layer  of  GGG  and  then  an 
overlayer  of  bismuth-lutetium  iron  garnet.  In  this  structure,  the  YIG  layer  is 
optimized  for  MSW  propagation,  while  the  (Bi.LujIG  overlayer  is  optimized  for  optical 
mode  propagation. 

In  this  report,  we  discuss  the  growth  and  characterization  of  YIG  films  grown  from  a  lead 
oxide  melt,  and  (Bi,Lu)IG  films  grown  from  a  bismuth  oxide  melt.  We  also  provide  a 
preliminary  report  of  our  success  in  growing  a  multilayer  film. 

2.  Device  Structure 

The  proposed  multilayer  device  is  shown  in  Figure  1.  Layer  4  is  the  substrate  layer 
which  is  composed  of  Gadolinium  Gallium  Garnet  (GGG).  The  purpose  of  this  layer  is  to 
provide  a  surface  to  use  as  a  substrate  for  the  epitaxial  growth  of  a  garnet  layer.  Layer 
3  is  a  layer  of  YIG.  This  layer  acts  as  the  medium  to  support  the  propagation  of 
magnetostatic  forward  volume  waves  (MSFVW).  Layer  2  is  a  spacer  layer  whose 
purpose  is  to  optically  isolate  layers  3  and  1 .  This  layer  will  be  composed  of  GGG. 

Finally,  layer  1  will  be  a  layer  of  (BiLu)3Fe50i 2-  This  layer  will  act  as  an  optical 
waveguide.  This  device  structure  will  be  grown  by  liquid  phase  epitaxy  (LPE). 

There  are  several  advantages  of  the  multilayer  structure  over  the  single  layer  device 
structure.  Most  importantly,  the  use  of  only  a  single  layered  device  places  many 
material  constraints  on  the  layer.  For  instance,  low  FMR  linewidth,  high  Faraday 
rotation,  and  low  optical  absorption  are  desirable  properties  in  order  for  MSW-optical 
interactions  to  occur.  Bi  substituted  YIG  has  been  considered  for  this  application  since 
its  Faraday  rotation  is  approximately  ten  times  that  of  pure  YIG.^  Since  the  layer  must 
act  simultaneously  as  a  single  mode  optical  waveguide  and  a  MSW  guide  this  places 
contradicting  requirements  on  the  single  layer.  In  order  to  optimize  it  as  a  single  mode 
optical  waveguide  the  layer  needs  to  be  thin,  whereas  for  a  MSW  guide  thicker  layers 
would  be  preferable.  The  multilayer  device  structure  overcomes  this  problem  by 
separately  optimizing  the  desirable  MSW  properties  in  layer  3  and  the  optical 
properties  in  layer  1 .  Layer  3  will  be  composed  of  low  FMR  linewidth  YIG  which  will 
allow  for  the  propagation  of  MSFVW  along  the  length  of  the  device.  Layer  1  will  be  the 
optical  waveguide  and  will  be  composed  of  (BiLu)3Fe50i2-  The  multilayer  device 
structure  eliminates  the  necessity  of  constructing  a  single  layer  that  is  optimized  to 
simultaneously  propagate  MSW’s  and  optical  modes. 
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3.  YIG  Films 

We  have  developed  the  capability  to  grow  low  FMR  linewidth  thin  films  of  YIG  whose 
thicknesses  ranged  anywhere  from  6  pm  to  ~30  pm.  Some  of  the  films  grown  were  able 
to  propagate  MSFVW.  An  example  of  a  typical  passband  for  a  film  is  shown  in  Figure  2. 
This  passband  was  taken  on  a  film  which  was  approximately  30  mm  thick.  The 
performance  is  satisfactory  for  layer  3  of  the  multilayer  device. 

4.  (BiLu)3  Fes0 1  2  Films 
4.1  Film  Growth 

We  have  also  developed  the  capability  to  grow  (BiLu)3Fe50i2.  We  have  been  using  the 
following  melt  composition:^ 

Rl  =  Fe203/Lu203=7.53 

R4  =  {Lu203  +  Fe203)/(Lu203  +  Fe203)3+Bi203)=17%  or  18% 
R6=MgO/{2Fe2O3  +  MgO)  +  0%-3% 

This  flux  is  employed  because  if  doesn’t  contain  PbO  which  can  cause  the  incorporation  of 
Pb  in  the  film.  This  is  undesirable  because  if  increases  both  the  FMR  linewidth  and  the 
optical  absorption.3  As  discussed  in  sections  4.2  and  4.3,  we  have  had  much  success  in 
growing  (BiLu)3Fe50i2  with  low  FMR  linewidths  and  high  Bi  substitution. 

However,  we  had  problems  with  melt  viscosity  with  these  films.  After  the  film  growth, 
when  the  substrate  is  withdrawn  from  the  melt,  excess  flux  droplets  tend  to  adhere  to 
the  surface  (causing  continued  film  growth  under  the  droplets)  instead  of  running  off  the 
film.  This  resulted  in  films  with  poor  surface  morphology. 

This  problem  is  usually  corrected  by  adding  appropriate  amounts  of  additives  to  the  melt 
to  reduce  the  melt  viscosity.'^'^  In  our  case,  the  additive  we  chose  was  sodium  carbonate 
(NaC03).  A  series  of  films  was  grown  after  the  melt  was  thus  modified.  The  films  were 
found  to  be  cleaner,  with  smaller  amounts  of  flux  adhering  to  the  film  after  growth. 
Additionally,  it  was  found  that  the  addition  of  NaCOs  lowered  the  melt  liquidus 
temperature  significantly.  After  the  addition  of  about  29  gms  of  NaCOs  to  the  melt, 
films  were  grown  typically  at  about  760  degrees  C  instead  of  the  earlier  growth 
temperatures  of  about  840  degrees  C  to  achieve  similar  film  composition.  While 
characterizing  these  latter  Bi-Lu  films,  it  was  observed  that  the  addition  of  NaC03  also 
affected  some  magnetic  properties  of  the  film.  This  can  be  attributed  to  trace  amounts  of 
sodium  ions  being  incorporated  into  the  film.  This  is  discussed  further  in  a  later 
section.  Thus  it  is  necessary  to  determine  the  appropriate  amount  of  additives  like 
NaC03  that  would  enhance  the  quality  of  the  films,  without  adversely  affecting  their 
magnetic  properties. 

A  melt  is  being  developed  to  determine  the  appropriate  amount  of  NaC03.  Several  films 
have  been  grown  using  this  melt  and  are  being  studied  as  a  function  of  the  amount  of 
addihves  present  in  the  melt. 

We  have  also  successfully  grown  a  two-la\  red  film.  A  previously  grown  YIG  film  on  a 
GGG  substrate  was  used  as  a  seed  crystal  for  the  growth  of  a  Bi-Lu  layer.  The 
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characteristics  of  this  multilayered  film  clearly  indicated  an  excellent  hetero-epitaxy 
between  the  layers. 

4.2  Compositional  and  Structural  Characterization 

The  garnet  films  were  characterized  by  various  standard  (typically  non-destructive) 
techniques  such  as  the  x-ray  fluorescence  spectrometer  to  analyze  the  chemical 
composition.  The  amount  of  bismuth  in  the  film  is  a  crucial  parameter  and  could  be 
accurately  measured  by  this  technique.  It  was  found  that  the  films  had  a  nominal 
composition  of  BixLus-yFesOi  2  where  x,  the  amount  of  bismuth,  ranged  from  about 
0.4  to  about  1 .1  for  our  films.  The  value  of  x  depends  almost  linearly  on  the  amount  of 
supercooling.  To  achieve  larger  values  of  x,  the  melt  had  to  be  cooled  significantly  below 
the  liquidus  temperature  and  this  sometimes  resulted  in  melt  nucleation,  a  condition 
undesirable  to  produce  good  quality  films.  Thus  there  is  a  practical  upper  limit  on  the 
value  of  X  for  our  films  at  around  1 .1 .  Sodium  ions,  being  too  small  in  size,  were  not 
detected  by  this  x-ray  technique  and  thus  their  incorporation  into  the  film  could  not  be 
quantified  directly.  Indirect  methods  do  exist  to  determine  the  presence  of  sodium  ions 
and  will  be  discussed  later. 

The  lattice  constants  of  the  films  were  determined  by  x-ray  diffraction.  A  plot  of  the 
experimentally  measured  lattice  constants  vs.  the  bismuth  content  is  shown  in  Figure  3. 
The  almost  linear  dependence  is  to  be  expected  from  the  simple  weighted  average  law. 

The  theoretically  predicted  values  are  shown  as  a  solid  line  and  agree  well  with  the 
experimental  values.  It  is  seen  that  the  perfect  lattice  match  between  the  film  and  GGG 
occurs  for  values  of  x  around  0.9  and  any  excursion  from  this  composition  would  result 
in  stresses  in  the  film.  In  fact,  some  lutetium  rich  films  (x  around  0.4)  were  under 
tremendous  compressive  stress  and  developed  cracks  and  even  broke,  a  good  lattice 
match  is  also  necessary  to  grow  thicker  films  without  cracking.  Also,  the  lattice 
mismatch  data  is  useful  in  evaluating  the  stress  in  the  film  and  thus  the  stress-induced 
anisotropy. 

The  thickness  of  these  films  was  measured  by  several  techniques  such  as 
interferometry,  x-ray  fluorescence  (x-ray  attenuation)  and  by  direct  observation  of 
the  film  cross  section  under  an  optical  or  electron  microscope.  All  these  measurements 
provided  self-consistent  values  within  the  experimental  errors.  The  thickness  of  the 
film  is  directly  related  to  the  amount  of  supercooling  and  the  rotation  rate  of  the 
substrate  while  in  the  melt. 

4.3  Ferromagnetic  Resonance 

Figure  4  shows  the  FMR  linewidth  vs.  growth  temperature  for  the  (BiLu)3Fe50i 2  filnns 
we  grew  prior  to  adding  NaCOs.  It  is  evident  that  we  have  been  able  to  grow  films  with 
linewidths  which  are  significantly  less  than  1  Oe.  In  fact,  the  lowest  linewidths  we  have 
attained  are  approximately  0.6  Oe.  In  addition,  we  have  also  been  able  to  substitute 
significant  amounts  of  Bi  into  the  dodecahedral  site  of  the  garnet.  Figure  5  shows  Bi 
substitution  vs.  growth  temperature  for  the  same  set  of  films.  We  have  been  able  to 
grow  films  with  x=0.9  that  also  have  linewidths  that  are  less  than  1  Oe. 

In  addition  to  the  cavity  system  used  to  make  linewidth  measurements,  we  have  a 
specially  designed  micro-strip  line,  variable  frequency,  ferromagnetic  resonance 
(FMR)  spectrometer  in  our  facility.  The  entire  wafer  can  be  placed  in  the  micro-strip 
sample  holder  and  studied  extensively  at  various  frequency-field  configurations.  Most  of 
the  films  grown  yielded  clean  FMR  signals  without  much  associated  fine  structure  or 
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auxiliary  signals  due  to  inhomogeneities,  indicating  that  the  films  are  of  very  good 
quality.  The  FMR  spectra  from  this  system  are  used  to  determine  the  anisotropy  fields  of 
the  films  only.  The  experimental  values  of  Hr  are  plotted  in  Figure  6  as  a  function  of  the 
bismuth  content.  The  data  points  are  split  into  two  groups,  one  before  the  addition  of 
NaCOs  and  the  other  after.  It  is  clearly  seen  that  the  addition  of  NaCOs  lowers  the 
anisotropy  fields  substantially.  The  anisotropy  energy  in  garnet  films  in  general  has 
two  sources  -  the  stress-induced  anisotropy  due  to  lattice  mismatch  and  growth-induced 
anisotropy  due  to  the  non-random  distribution  of  ions  at  various  crystal  sites.  While 
stress-induced  anisotropy  can  be  calculated  from  lattice  mismatch  and  magnetostriction 
values,  a  concise  theory  of  growth-induced  anisotropy  does  not  exist  at  present, 
especially  for  bismuth  based  films.  However,  earlier  work  on  magnetic  bubbles  has 
indicated  that  for  (Bi,Lu)IG,  growth-induced  anisotropy  is  small  compared  to  that 
typically  induced  by  stress.  This  is  also  seen  in  Figure  6.  In  this  figure,  the  theoretical 
stress-induced  anisotropy  is  plotted  (as  a  solid  line)  against  the  measured  total 
anisotropy  field.  There  is  a  substantial  overlap  between  the  theory  and  the  experiment 
in  films  grown  before  NaCOs  addition,  indicating  that  the  anisotropy  is  almost  entirely 
due  to  stress,  for  films  grown  after  the  addition  of  NaCOg,  there  is  a  substantial 
difference  between  the  theoretical  stress-induced  anisotropy  values  and  the 
experimental  total  anisotropy  values,  indicating  the  presence  of  a  large  growth-induced 
component,  due  to  the  incorporation  of  sodium  ions  in  the  film.  The  nonlinear  behavior 
of  the  theoretical  curve  results  from  the  fact  that  the  magnetostriction  coefficients  for 
Bi-IG  and  Lu-IG  have  opposite  signs.  The  linear  behavior  of  the  data  at  small  x  values  is 
not  in  agreement  with  the  calculation.  This  discrepancy  is  not  yet  understood. 

Further  evidence  of  this  substantial,  negative,  growth-induced  anisotropy  in  sodium- 
substituted  films  can  be  obtained  by  doing  careful  post-growth  annealing.  Two  films 
from  each  group  (sodium-substituted  and  sodium-free)  were  annealed  at  1040  degrees 
C  for  90  minutes  and  their  FMR  spectra  were  taken  again.  Annealing  at  such  high 
temperatures  should  in  principle  randomize  the  ion  distribution  in  the  film  lattice  and 
thus  effectively  destroy  any  growth-induced  anisotropy  component.  The  anisotropy 
values  before  and  after  are  plotted  in  Figure  7  for  these  four  samples  and  it  can  be  seen 
that  there  is  very  little  change  due  to  annealing  in  sodium-free  films  (thus  pointing  to 
negligible  growth-induced  anisotropy)  whereas  there  is  a  substantial  change  in  the 
films  with  sodium,  indicating  the  presence  of  a  large  growth-induced  anisotropy  in  these 
as-grown  films.  This  also  suggests  that  the  effects  of  adding  NaCOs,  such  as  lowering  the 
anisotropy  fields,  can  be  annealed  out  in  a  controlled  post-growth  annealing  cycle. 

Further  studies  are  necessary  to  determine  the  optimum  annealing  schedule. 

The  presence  of  Na  may  also  affect  the  microwave  and  optical  attenuation.  Future 
measurements  are  planned  to  examine  this  possibility. 

The  FMR  spectrum  of  a  two-layered  film  is  shown  in  Figure  8.  The  two  strong  signals 
correspond  to  the  two  layers  (YIG  and  (Bi,Lu)IG).  The  two  weaker  signals  following  the 
main  signals  correspond  to  the  unwanted  second  harmonic  frequency  generated  by  the 
frequency  source.  This  spectrum  is  reasonably  clean,  indicating  the  absence  of  any 
inhomogeneous  intermediate  layers  and  thus  good  heteroepitaxy  between  layers. 

4.4  Magnetostatic  Wave  Excitation 

In  Section  4.3,  we  described  FMR  measurements  showing  line  widths  AH  of  significantly 
less  than  1  Oe  at  9  GHz  in  (Bi,Lu)IG  films  grown  without  sodium.  Although  such  a  low 
value  of  aH  is  necessary  for  good  MSW  propagation,  this  single  parameter  is  not  adequate 
to  evaluate  the  films  for  MSW  devices.  For  this  reason,  the  transmission  passbands 
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obtained  from  using  the  films  in  simple  MSW  delay  lines  were  measured.  Figure  9 
shows  the  best  passband  obtained,  and  was  measured  by  Dr.  S.  H.  Talisa  at  Westinghouse 
Science  and  Technology  Center  in  Pittsburgh.  The  strong  absorption  lines  are  caused  by 
interactions  between  degenerate  eigenmodes  in  the  film.  These  undesirable  features 
usually  appear  in  films  thinner  than  10  mm,  and  become  more  pronounced  as  the  growth 
rate  is  increased.®  Reducing  both  the  Na  and  Lu  in  the  melt  should  permit  slower  growth 
rates  and  may  minimize  these  notches. 

4.5  Faraday  Rotation 

The  strength  of  the  MSW-optical  interaction  is  determined  primarily  by  the  Faraday 
rotation  effect.  The  Faraday  rotation  was  measured  using  a  magneto-optic  loop  tracer 
technique.  This  technique  involves  an  incident  wavelength  in  the  infrared  region  of 
1320  nm  using  a  diode-pumped  Nd:YAG  laser,  the  desirable  wavelength  for  magneto¬ 
optic  devices.  Referring  to  Figure  10,  the  laser  light  passes  through  a  polarizer  to 
achieve  a  single  known  polarization,  then  perpendicularly  through  the  sample,  where  it 
undergoes  the  small  rotation  of  polarization  due  to  the  Faraday  effect.  This  light  then 
passes  through  a  Wollaston  prism,  which  separates  it  into  two  perpendicular 
polarizations.  Each  polarization  component  is  detected  by  a  germanium  pholodetector. 
These  two  signals  are  input  to  a  difference  amplifier,  the  output  of  which  is  connected  to 
an  X-Y  chart  recorder  with  applied  magnetic  field  on  the  abscissa.  When  the  Faraday 
rotation  angle  <{»f  is  zero,  the  polarizations  are  aligned  such  that  the  intensities  on  both 
detectors  are  equal  and  the  difference  is  zero.  When  the  Faraday  effect  causes  the 
polarization  to  change,  the  two  components  will  differ,  and  the  difference  from  the 
amplifier  will  be  directly  related  to  4)f.  The  field  is  swept  from  negative  saturation  to 
positive  saturation,  and  the  output  is  read  from  the  recorder. 

The  expected  linear  relationship  between  Bi  content  and  Faraday  effect  is  observed  in 
Figure  11.  At  x=0.9,  corresponding  to  the  best  lattice  match,  the  Faraday  rotation  is 
about  0.12'’/pm.  This  represents  almost  an  order-of-magnitude  improvement  over 
pure  YIG.  These  data  have  not  been  corrected  for  interference  effects  among  the  film 
layers. 

5.  Summary 

We  have  demonstrated  the  ability  to  grow  YIG,  (Bi,Lu)IG,  and  a  three-layer 
heterostructure  consisting  of  GGG-YIG-(Bi,Lu)IG.  The  {Bi,Lu)IG  films  were  grown 
with  a  bismuth  oxide  flux  to  prevent  the  increased  optical  and  microwave  losses 
associated  with  lead  incorporation  in  conventional  melts. 

We  have  improved  the  surface  morphology  of  the  (Bi,Lu)IG  films  by  the  addition  of 
NaCOg  to  reduce  the  viscosity  of  the  melt.  The  presence  of  the  sodium  also  caused  a 
modest  growth-induced  anisotropy  that  can  be  removed  by  high-temperature  annealing. 
The  ability  to  control  the  anisotropy  is  desirable  since  the  optical  layer  and  the 
microwave  layer  of  the  heferostructure  should  have  anisotropy  fields  differing  by  about 
200  Oe.  The  presence  of  sodium  may  also  affect  the  microwave  and  optical  losses, 
however.  For  this  reason,  studies  of  the  dependence  of  optical  and  microwave  losses  on 
Na  content  are  planned. 
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EllecI  of  annealing  on  Bi-Lu  films 


Figure  7.  Effect  of  annealing  on  anisotropy.  Solid  line  is  the  theoretically  calculated 
stress-induced  anisotropy  field  values.  The  four  data  points  on  the  left  correspond  to 
films  with  sodium  and  the  four  data  points  on  the  right  correspond  to  films  without 
sodium. 


a  double-layered  film. 


9.  Magnetostatic  forward  volume  wave  transmission  passband  in  (Bi,Lu)IG  with 
(measured  by  Dr.  S.  H.  Talisa,  Westinghouse  Science  and  Technology  Center). 
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Figure  10.  Diagram  of  magnetooptic  loop  tracer  used  to  measure  the  Faraday  rotation  on 
(Bi,Lu)IG  samples. 
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Figure  11.  Faraday  rotation  measured  at  1320  nm  in  (Bi,Lu)IG  samples. 
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ABSTRACT 

The  ferrimagnetic  garnets  are  promising  materials  for  a  variety  of  integrated  microwave, 
magneto-optic  and  optical  guided  wave  devices.  Sputtering  and  pyrolysis  are  two  methods  of 
depositing  these  materials  in  the  polycrystalline  form  at  temperatures  significantly  less  than 
Liquid  Phase  Epitaxy  on  a  variety  of  substrate  materials.  This  report  gives  results  on  how  the 
process  parameters  influence  the  bulk  magnetic,  microwave  and  magneto-optic  properties.  The 
incorporation  of  these  materials  in  devices  will  depend  on  the  ability  to  produce  uniform  finely 
grained  films.  We  extensively  investigated  the  crystallization  of  these  films  on  glass  substrates. 
We  developed  a  simple  and  rapid  method  for  analysis  of  the  grain  size  and  distribution  and  we 
have  shown  that  the  final  microstructure  is  controlled  by  the  initial  nucleation  density  of  the 
garnet  phase. 
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1  Introduction 

Ferrites  in  both  polycrystalline  aiul  single  crystal  form  have  been  employed  in  microwave 
devices.  Advantages  of  the  polycrystalline  form  compared  to  the  single  crystal  form  are  ease  of 
ionic  substitution  to  tailor  the  magnetic  properties,  the  ability  to  make  crystallographically 
isotropic  materials  and  increased  power  handling  capabilities^.  Further  miniaturization  and 
integration  wdth  semiconductor  devices  require  ferrites  in  the  film  (planar)  form.  Most  work  has 
centered  around  films  grown  by  liquid  phase  epitaxy  (LPE),  a  technique  developed  by  researchers 
working  on  magnetic  bubble  memories,  which  produces  high  quality  single  crystal  films.  Many 
microwave  and  magneto-optic  guided  wave  devices  do  not  necessarily  require  the  exceptional 
crystal  quality  of  LPE  grown  films.  Polycrystalline  garnet  films  can  be  easily  fabricated  by 
simpler,  less  costly  methods  such  as  spin  coating,  sputtering,  or  spray  coating.  These  methods 
not  only  have  the  inherent  advantages  of  the  polycrystalline  form  but  also  provide  a  wider  choice 
of  substrate  materials,  convenient  chemical  etchants  and  lower  process  temperatures.  Control  of 
the  film  microstructure  (porosity,  grain  size,  etc.)  will  be  necessary  to  tailor  their  properties  (line 
width,  power  handling  capabilities,  etc.).  We  studied  the  magnetic,  microwave  and  magneto¬ 
optic  properties  of  rf  magnetron  sputter  deposited  and  thermally  decomposed  spin  coated  thin 
film  iron  garnets. 

2  Sputtering 

2.1  Film  Preparation 

Rf  magnetron  sputtering  and  ion  beam  sputter  deposition  were  used  to  deposit  films  on 
Corning  No.  7059  glass  substrates.  Sintered  ceramic  disks  of  composition 
Gd2BijFe^  qAIq  .^Ca-Q  (Target  1)  (ion  beam  and  rf)  and  Gd2Bi2  ^Fe^  ^Ga^  1^1'’  (Target  2) 

(rf  only)  containing  mostly  the  garnet  phase  were  used  as  the  targets.  The  deposition  rate  of  rf 
magnetron  sputtered  films  was  85  to  370  A/min..  The  deposition  rate  was  10  A/min.  for  ion 
beam  deposited  films.  The  as-deposited  films  were  amorphous  and  w'ere  crystallized  by 
annealing  at  670  °  C  for  four  to  five  hours  in  an  air  atmosphere. 
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2.2  Rf  Magnetron 

Filins  were  deposited  varying  one  process  parameter  rf  j^ower,  argon  bleeding  jiressure, 
substrate  bias  voltage  or  oxygen  partial  pressure,  while  holding  the  other  parameters  constant. 
X-ray  diffraction  data  indicates  the  annealed  films  are  all  randomly  oriented  single  phase  garnets 
(Fig.  1).  The  magneto-optic  properties  and  coercivity  were  measured  using  a  magneto-optic 
hysteresis  loop  tracer  with  a  Ile-Ne  laser  (X  —  633  nm)  as  the  light  source.  The  films  have  room 
temperature  coercivities  greater  than  1  kOe,  Faraday  rotations  as  large  as  1.3  deg//zm  and 
adjustable  compensation  and  Curie  temperatures. 


Angle  Two  Theta  {°) 

Figure  1:  X-ray  diffraction  scan  of  0.3  /im  thick  garnet  film  deposited  at  SmTorr  Argon 
Bleeding  Pressure  and  100  VV  rf  power 

2.2.1  Rf  Power  and  Argon  Bleeding  Pressure 

The  coercivity  as  a  function  of  temperature  for  films  deposited  from  target  1  with  different 
rf  power  is  shown  in  Fig.  2.  The  compensation  temperature  of  the  film  made  at  the  lowest 
power  (O')  \V)  is  aiiproxirnately  10  C  and  is  increased  to  80  °  C  at  a  power  of  248  \\  .  A  similar 
change  in  the  compensation  tem[)erature  can  be  seen  in  the  films  deposited  with  different  argon 
bleeding  pressure  (Fig.  3).  The  film  made  at  5  niTorr  has  a  compensation  temi)erature  of 
approximately  0  °  C-  while  the  film  made  at  25  niTorr  has  a  compensation  point  of  45  °  C. 
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Teniperature  Dcpoiideiice  of 


Temperature  (°C) 


Figure  2:  Plot  of  coercivity  vs.  temperature  for  films  deposited  at  different  rf  powers  and 
argon  bleeding  pressure  of  10  mTorr 


The  composition  of  the  series  of  films  deposited  at  different  rf  powers  was  measured  by  x- 
ray  fluorescence.  The  compositions  of  these  films  and  the  target  are  shown  in  Table  1. 
Oxygen’s  fluorescence  yield  is  too  low  to  be  measured  by  x-ray  fluorescence  therefore  the  films 
were  assumed  to  be  completely  oxidized  with  a  cation  to  anion  ratio  of  8:12.  The  aluminum 
content  could  not  be  measured  because  the  substrate,  Corning  7059  glass,  contains  about  12% 

9 

AlgOg.  Since  the  sputtering  yields  of  elemental  aluminum  and  gallium  are  similar  ,  and  the 

atomic  percentage  of  aluminum  and  gallium  in  the  target  is  approximately  the  same,  the 

aluminum  content  of  the  films  was  assumed  to  be  the  same  as  the  gallium  content.  The  value  of 
[Gd  +  Bi+Gu) 

— - — - —  is  less  than  that  of  the  stoichiometric  composition  (i.e.  0.6).  This  suffeests  the 

{Fe  +  Ga  +  Al)  y  \  i  bb 

existence  of  a  second  amorphous  or  micropolycrystalline  phase  undetected  by  x-ray  diffraction 

consisting  of  the  excess  Fe,  or  that  some  of  the  dodecahedral  sites  of  the  garnet  are  vacant  or 

occupied  by  some  of  the  Fe. 


Substitution  of  a  diamagnetic  or  paramagnetic  ion  into  the  dodecahedral  site  ("c"  site)  will 
decrease  the  "c"  sublattice  magnetization  lowering  the  compensation  temperature.  Mean  field 
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Temperature  Dependence  of  H 
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Temperature  (®C) 


Figure  3:  Plot  of  coercivity  vs,  temperature  for  films  deposited  at  different  argon 
bleeding  pressures  and  95  W  rf  power 

Table  1:  Composition  of  films  deposited  from  Target  1 


(Gd^Bi^CuJlFe^GayAgO,2 

Gd  (u) 

Bi  (v) 

Cu  (w) 

Fe  (x) 

Ga  (y) 

A1  (z)‘ 

** 

O 

Target 

2.02 

1.06 

- 

4.53 

0.21 

0.19 

12 

95  W 

1.10 

0.86 

0.72 

4.87 

0.23 

0  23 

12 

116  W 

1.26 

0.86 

0.62 

4.87 

0.2 

0.2 

12 

138  W 

1.36 

0.79 

0.65 

4.88 

0.17 

0.17 

12 

163  VV 

1.56 

0.72 

0.58 

4.74 

0.2 

0.2 

12 

189  W 

1.47 

0.57 

0.53 

4.95 

0.24 

0.24 

12 

248  W 

1.68 

0.44 

0.5 

4.86 

0.26 

0.26 

12 

Assumed  to  be  the  same  as  the  gallium  content 

*  * 

Cation  to  anion  ratio  assumed  to  be  8  :  12 

theory  predicts  for  GdIG  a  decrease  in  T  of  12-1  °  C/mole  of  substituent.  The  films  contain 

comp  ' 

significant  amounts  of  copper  (sputtered  from  the  target  backing  plate)  which  will  enter  the 
dodecahedral  site  .  Thus  both  copper  and  bismuth  will  dilute  the  gadolinium  lowering 
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A  plot  of  the  measured  compensation  temperature  versus  the  sum  of  the  copper  and  bismutli 
content  (Fig.  d)  is  a  straiglit  line  with  a  slope  of  153  °C/molc  in  reasonable  agreement  with 
mean  field  analysis. 


Figure  4:  Decrease  in  T  with  dodecahedral  site  substitution 

The  large  size  of  the  bismuth  ion  gives  rise  to  an  increase  in  the  lattice  constant  of  0.05 
A/mole V  The  lattice  constant  of  the  films,  measured  by  x-ray  diffraction,  is  plotted  in  Fig.  5 
against  the  measured  bismuth  content  and  is  a  straight  line  with  aslope  of  0.051  A/mole.  These 
results  are  consistent  with  a  decrease  in  bismuth  content  due  to  preferential  resputtering  of 
bismuth  at  higher  power. 

The  measurement  of  the  optical  rotation  was  performed  by  placing  a  mirror  behind  the 
film  to  use  the  reflected  beam.  The  magnitude  of  the  optical  rotation  measured  by  this  method 
IS  affected  by  changes  in  the  reflection  coefficient  of  the  glass/air  and  glass/film  interfaces. 
'I'hese  reflection  coefficients  depend  on  the  refractive  index  of  the  film  and  the  thickness  of  the 
tilm  and  sul^strate.  The  optical  rotation  for  films  made  with  identical  sputtering  and  annealing 
conriitions  but  different  sputtering  times  is  shown  in  Fig.  6.  Interference  effects  can  be  seen  in 
the  oscillatory  behavior  of  the  rotation  with  increasing  film  thickness.  Variations  in  the  optical 
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Lattice  Constant  vs,  Bi  Content 


(A) 


12.484  -n 


12.476  H 


12.468  -\ 


12.46  H 


1  ^  I - ^ - 1 - 1 

0.4  0.5  0.6  0  7  0.8  0.9 

Bismuth  content 


Figure  5:  Increase  in  lattice  parameter  with  bismuth  content 
rotation  less  than  50%  can  not  be  attributed  to  compositional  changes  unless  the  films  are 
exactly  the  same  thickness.  The  Faraday  rotation  for  films  made  with  different  rf  power  and 
argon  bleeding  pressure  of  95W  are  between  0.6  and  1.3  deg//im  as  shown  in  Fig.  7.  Due  to 
variations  in  sample  thickness,  of  the  films  deposited  with  different  rf  powers,  it  is  difficult  to 
determine  if  the  variations  in  Faraday  rotation  are  due  to  variations  in  composition  or  due  to 
interference  effects. 

The  Faraday  rotation  as  a  function  of  temperature  was  measured  for  these  films  and  the 
Curie  temperature  obtained  by  linearly  extrapolating  the  Faraday  rotation  to  zero  near  the 
temperature  at  which  the  magneto-optic  signal  vanishes  as  shown  in  Fig.  7.  A  plot  of  the 
measured  Curie  Temperature  as  a  function  of  the  rf  power  in  Fig.  8  shows  a  maximum  of  260 
°C  at  138  Watts.  A  decrease  in  the  bismuth  content  would  give  rise  to  a  decrease  in  the  Curie 
temperature  of  about  17  °  C/mole  through  a  reduction  in  the  superexchange  interaction^.  The 
decrease  in  bismuth  content  cannot  account  for  the  peak  in  the  Curie  temperature.  An  increase 
in  the  tetrahedral  site  substituents  (A1  and  Ga)  will  decrease  T  through  a  reduction  in  the 
exchange  constant  between  the  two  iron  sublatt ices.  It  can  clearly  be  seen  from  Fig.  8  that  as 
the  (bi  content  of  the  film  decreases,  the  Curie  temperature  increases  and  as  the  Ga  content 
increa.^a's,  the  (hirie  temperature  decreases. 
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I'araday  rotation  variation  with  film  tliickncss 
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Figure  6:  Variations  in  optical  rotation  for  films  of  different  thickness  deposited  with 
identical  sputtering  conditions 

2.2.2  Substrate  Bias 

A  negative  substrate  bias  voltage  is  often  used  to  modify  the  film  microstructure  and 
composition  by  increasing  the  bombardment  of  the  growing  film  by  energetic  particles.  A  small 
negative  substrate  bias  voltage  drastically  reduces  the  bismuth  content  of  garnet  films”.  The 
temperature  dependence  of  coercivity  for  a  film  made  with  0  Volts  substrate  bias  and  a  film 
made  with  -15  Volts  Substrate  bias  are  shown  in  Fig.  8.  The  film  deposited  at  0  Volts  has  a 
compensation  temperature  of  91  °C  while  the  composition  of  the  film  made  with  -15  Volts  of 
substrate  bias  has  been  altered  enough  that  a  compensation  temperature  no  longer  exists. 

A  decrease  in  the  bismuth  content  will  increase  the  crystallization  temperature  .  Films 
were  deposited  at-  0  V,  -15  V  and  -25  V  substrate  bias  and  then  annealed  at  675  °  C.  The 
structure  of  the  films  was  examined  by  x-ray  diffraction  and  magneto-optic  hysteresis  loop 
traces.  .An  amorphous  film  will  have  no  magneto-optic  rotation  and  a  partially  crystallized  film 
will  have  a  smaller  Faraday  rotation  and  higher  coercivity  than  a  fully  crystallized  film.  The 
films  were  annealed  at  increasing  temperatures  until  no  change  was  seen  in  the  intensity  of  the 
most  intense  diffraction  peak  |d  2  Oj,  the  coercivity  and  the  optical  rotation.  The  change  in 
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:  Temperature  dependence  of  Faraday  rotation  for  films  deposited  at  rf  powers 
between  95  W  and  248  W  and  argon  bleeding  pressure  of  10m  Torr. 
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Figure  8:  Curie  temperature  and  Ca  content  of  films  deposited  at  dii  erent  powers 
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Substrate  Bias  Effect  on  Coercivity 


Figure  9:  Change  in  compensation  temperature  with  substrate  bias 
crystallization  temperature  with  substrate  bias,  is  shown  in  Fig.  10.  As  the  substrate  bias  is 
made  more  negative  increased  the  crystallization  temperature  is  increased. 

A  reduction  of  the  bismuth  content  of  the  films  should  result  in  a  drastic  reduction  in  the 
Faraday  rotation  and  a  small  decrease  in  the  Curie  temperature.  This  can  be  seen  in  the  plot  of 
h'araday  rotation  as  a  function  of  temperature  in  Fig.  11  for  films  made  at  0  V  and  -15  V 
substrate  bias.  The  room  temperature  Faraday  rotation  has  been  reduced  80%  and  the  Curie 
temperature  decreased  from  240  °  C  to  229  °  C  by  -15  Volts  substrate  bias. 

2.2.3  Oxygen  Partial  Pressure 

Films  were  also  deposited  using  different  argon/oxygen  mixtures  at  constant  pressure  as 
the  sputtering  gas.  For  low  oxygen  flow  rates,  as  the  flow  rate  of  oxygen  relative  to  the  flow 
rate  of  argon  is  increased,  the  compensation  temperature  increases.  The  compensation 
temperature  changes  little  at  high  oxygen  flow  rates  as  shown  in  Figs.  12  and  13.  The  increase 
in  the  compensation  point  at  low  oxygen  flow  rates  is  not  likely  due  to  a  decrease  in  the  bismuth 
content,  becaii.se  of  the  initial  increase  in  the  Curie  temperature  with  oxygen  flow  rate.  The 
changes  in  compensation  temperature  could  possibly  be  explained  l)y  the  oxidation  of  Fe“  '  to 
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Change  of  Crystallization  Temperature  with  Substrate  Bias 
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1- e  willi  iiicreiising  oxygc’ii  How  rate.  11  the  Fe“  were  to  preferentially  occufry  the  octahedral 
site  ("a"  site),  the  magnetization  of  the  "a"  sublattice  would  be  decreased,  increasing  the  net 
magnetization  and  thus  lowering  the  compensation  temperature.  The  unit  cell  normally  contains 
160  atoms.  If  one  of  the  96  0“’  ions  is  missing,  then  2  of  the  40  ions  must  be  Fe""*"  and  a 

1  percent  deficiency  in  O  requires  5  percent  of  the  Fe  to  be  divalent.  If  the  Fe"^  is  located 
exclusively  in  the  octahedral  site,  the  mean  field  theory  predicts  a  decrease  in  the  compensation 
temperature  of  3  C  for  each  percent  of  Fe“  up  to  ten  percent  .  Thus  a  2  percent  deficiency  in 

9 

O"'  would  decrease  the  compensation  temperature  30  °C  and  once  the  film  is  completely 
oxidized  no  further  change  in  the  comirensation  temperature  would  occur  with  increases  in  the 
oxygen  partial  pressure.  The  dependence  of  compensation  temperature  on  oxygen  flow'  rate 
agrees  well  with  these  arguments.  The  Faraday  rotation  data  in  Fig.  14  is  inconclusive  because 
the  changes  in  rotation  are  less  than  20  percent  and  could  be  due  to  the  difference  in  film 
thickn  ess. 


Temperature  Dependence  of  Coercivity 
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Figure  12:  Tem|)craturc  dependence  of  coercivity  for  films  sputtered  with  different 
oxygon  Hirgon  mixtures 
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Compensation  and  Curie  Temperature 


Figure  13:  Changes  in  compensation  and  Curie  temperature  with  different  oxygen/argon 
mixtures 

2.3  Ion  Beam  Deposition 

Randomly  oriented  single  phase  garnet  films  have  been  deposited  by  ion  beam  sputter 
deposition.  The  films  were  deposited  at  1  kV  acceleration  voltage  and  100  mA  beam  current 
which  was  neutralized  to  avoid  charging  of  the  target  and  divergence  of  the  beam.  The 
deposition  chamber  atmosphere  was  50/50  argon  to  oxygen  at  a  pressure  of  1.1  x  10'“*  Torr.  The 
films  had  a  saturation  magnetization  of  385  G,  uniaxial  anisotropy  constant  of  1.5  x  10^  ergs/cc, 
Faraday  rotation  of  0.8  deg//tm,  coercivity  of  400  Oe  and  squareness  of  0.7.  The  low  coercivity 
and  squareness  compared  to  rf  magnetron  deposited  films  is  due  to  the  compensation 
temperatures  (150  "  C)  being  much  further  above  room  temperature.  This  could  be  due  to  the 
large  oxygen  partial  pressure.  Gomi  et  al.**  reported  a  large  decrease  in  the  bismuth  content 
with  oxygen  partial  pressures  over  50  percent  in  rf  diode  deposited  films  which  would  raise  the 
conilK'nsat  ion  t.emperat  ure. 

.‘\  few  films  were  deposited  on  (iCC  substrates.  The  as-deposited  films  are  amorphous  and 
were  rrystalli/.ed  by  annealing  at  670  ”  X-ray  diffraction  indicates  the  films  are  single  crystal 
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Temperature  Dependence  of  Faraday  Rotation 


Figure  14:  Faraday  rotation  as  a  function  of  temperature  for  films  made  with  different 
oxygen/argon  mixtures 

or  highly  oriented  since  only  the  [4  4  4]  diffraction  line  can  be  seen,  as  shown  in  Fig.  15.  No 
grain  boundaries  can  be  seen  with  an  optical  microscope.  The  films  have  a  large  lattice  misfit  of 
0.08  This  method  of  epitaxial  growth  could  be  advantageous  to  applications  that  require  a 

high  Fig.  of  merit  but  can  not  tolerate  the  dispersion  of  polycrystalline  films. 

3  Pyrolysis 

3.1  Garnet  Composition 

Yttrium  Iron  Garnet  (YIG),  Y2F'egOj2i  is  the  basis  of  many  ferrite  microwave  devices  due 
to  its  low  microwave  losses,  small  g  factor  =  2.0  and  small  anisotropy  field^®.  YIG  is  readily 
produced  in  bulk  polycrystalline  form  by  standard  ceramic  techniques,  in  bulk  single  crystal  form 
by  growth  from  solution  or  as  high  quality  single  crystal  films  by  LPE^*.  LPE  has  drawbacks 
for  fabricalion  of  thin  film  devices  or  integration  with  semiconductor  technology.  The  high 
temperatures  required  make  integration  with  semiconductor  materials  difficult,  the  chemical 
similarity  of  the  sul)strate  to  the  film  makes  pattern  definition  difficult  as  all  known  etchants, 
etcli  both  film  and  substrate.  Growth  of  multiple  layers  and  changes  in  film  composition  are 
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Figure  15:  X-ray  diffraction  scan  for  ion  beam  deposited  film  on  GGG. 
difficult  due  to  growth  from  the  melt  and  lattice  matching  constraints.  Deposition  of 
polycrystalline  films  by  sputtering  or  from  solution  eliminates  many  of  these  difficulties. 
Polycrystalline  YIG  is  difficult  to  deposit  due  to  the  extremely  high  temperature  necessary  for 
crystallization  (1100  °C),  but,  the  addition  of  small  amounts  of  bismuth  reduces  the 
crystallization  temperature  to  600  °  C  -  700  C  “  greatly  increasing  the  choice  of  substrate 
materials  making  deposition  by  spin  coating/thermai  decomposition  or  sputtering  an  attractive 
method  for  fabrication  of  thin  film  microwave  devices. 

3.2  Substrate 

A  substrate  for  thin  film  garnet  microwave  devices  must  be  able  to  withstand  the 
processing  temperatures,  have  a  thermal  expansion  coefficient  which  closely  matches  the  garnet 
to  reduce  induced  stresses,  be  able  to  be  polished  to  a  reasonably  smooth  surface  and  have  low 
clielertrir  losses  at  the  operating  frequency  of  the  devices.  An  amorphous  or  polycrystalline 
suljstrate  will  result  in  a  polycrystalline  film,  while  a  lattice-matched  single  crystal  is  necessary 
to  produce  a  single  crystal  or  highly  oriented  [tolycrystallinc  film.  Macor  a  glass  ceramic 
produeed  by  Corning  can  withstand  tern ]>era.tu res  u|)  to  1000  C,  is  machinable  with  standard 
metal  working  tools,  ha.s  a  thermal  expansion  coefficient  of  9.4X10  °  C  closely  matching 
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that  of  garnet,  and  can  be  polished  to  a  surface  smoothness  of  two  microinches.  This  material 
has  been  used  extensively  in  our  studies. 

3.3  Film  Preparation 

3.3.1  Solution  Preparation 

Many  garnets  and  ferrites  can  be  obtained  by  the  thermal  decomposition  (pyrolysis)  of 
solutions  containing  stoichiometric  amounts  of  the  desired  metal  ions.  Pure  low  melting  point 
(<  100  °  C)  hydrated  nitrates  (Fe(N02)3  •  9H<,0,  Bi(N03)3  •  5H<,0)  and  water  soluble  nitrates 
(Y(N03)3  •  4H^O,  Ce(N03)3  •  6H2O)  or  oxides  are  convenient  sources  of  the  desired  metal  ions. 
The  materials  are  carefully  weighed  and  combined  in  a  covered  beaker,  the  beaker  is  then  slowly 
heated  {<  100  °  C)  and  agitated  to  melt  and  dissolve  the  materials  creating  a  super  saturated 
solution.  Care  must  be  taken  during  heating  not  to  drive  off  any  water  which  can  cause 
esterification  when  the  solution  is  diluted  with  alcohol  for  coating.  The  solution  is  then  slowly 
cooled  and  water  and/or  ethyl  alcohol  (solvents  and  dispersents)  are  added  to  stabilize  the 
solution  and  lower  the  viscosity  for  coating.  An  appropriate  coating  technique  is  then  used  to 
obtain  thick  (spray  coating,  waterfall)  or  thin  (spin  coating)  films. 

3.3.2  Spin  Coating  and  Decomposition 

Thin  garnet  films  (<  1  /im)  have  been  deposited  by  spin  coating  Macor  substrates  using  a 
standard  photoresist  spinner.  Spin  coating  of  a  5  g  solution  diluted  with  5  cc  ethyl  alcohol  at 
4000  rpm  for  two  minutes  produces  a  film  with  a  final  thickness  of  approximately  0.1  /rm.  The 
thickness  of  the  film  can  be  controlled  through  the  solution  viscosity  and  the  angular  velocity 
used  during  coating.  The  films  are  then  decomposed  (dried)  by  heating  them  at  400  °C  for  ten 
minutes,  driving  off  the  volatile  constituents  and  gasses,  leaving  an  amorphous  oxide  film. 
Significant  volume  shrinkage  occurs  during  this  step  and  care  must  be  taken  (controlled  heating 
and  cooling  rates,  proper  temperature,  etc.)  so  the  film  does  not  crack.  Thicker  films  can  be 
obtained  by  repeating  this  process  a  number  of  times  to  build  up  a  film  of  the  desired  thickness. 

3.3.3  Annealing 

The  amorphous  oxide  films  deposited  are  not  ferrimagnetic  and  must  be  heat  treated  to 
crystallize  them.  Prior  to  heat  treatment  the  amorphous  films  can  be  patterned  by  etching  them 
in  dilute  nitric  acid,  d'his  is  a  significant  advantage  over  the  Lf’E  process  for  device  fabrication 
becau  s('  nitric  acid  does  not,  etch  the  substrate,  eliminating  com]dicated  mask  steps.  The  films 
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are  then  annealed  at  650  °C  -  750  °  C  in  an  air  atmosphere  for  three  hours  for  crystallization. 
The  heating  rate  of  our  furnace  was  6  °C  per  minute.  Ai  the  completion  of  the  annealing  cycle 
the  furnace  was  shut  off  and  allowed  to  cool  naturally  (about  2  hours)  to  room  temperature. 

3.4  Results 

3.4.1  X-ray  Diffraction 

X-ray  diffraction  analysis  of  films  deposited  on  Macor  and  Corning  7059  glass  substrates 
show  the  films  to  be  single  phase  randomly  oriented  polycrystalline  garnets.  Due  to  the  thin 
nature  of  these  films  detection  of  other  crystalline  phase  would  be  limited  to  those  which 
compose  at  least  5  weight  percent  of  the  film  .  Observation  by  TEM  has  also  not  detected  any 
other  crystalline  phases.  Earlier  work  using  ion  beam  deposition  to  deposit  the  amorphous  oxide 
on  single  crystal  GGG  substrates  has  demonstrated  the  possibility  of  obtaining  single  crystal  or 
highly  oriented  polycrystalline  films  yielding  a  “solid  phase  epitaxy"  process  as  can  be  seen  by 
the  absence  of  all  diffraction  peaks  other  than  the  [444]  peak  matching  the  orientation  of 
substrate  in  Fig.  15.  This  technique  offers  the  versatility  of  pyrolysis  and  the  possibility  of 
reduced  line  widths  through  improvement  in  the  structure  of  the  films  for  devices  which  can  not 
tolerate  the  larger  line  widths  or  light  scattering  of  polycrystalline  films. 

3.4.2  Differential  Thermal  Analysis 

Differential  Thermal  Analysis  is  a  technique  that  can  measure  heat  of  reactions.  A 
thermocouple  is  embedded  in  the  material  under  test  and  another  in  an  inert  material  such  as 
AI2O2.  The  thermocouples  are  connected  in  an  opposing  manner  and  this  "differential"  voltage 
monitored.  An  exothermic  reaction  will  produce  a  positive  voltage  change  and  an  endothermic 
reaction  a  negative  voltage  change.  A  plot  of  the  differential  temperature  as  a  function  of 
temperature  of  bulk  amorphous  samples  of  Y.,  gBi^  ^Fe.Oj.,  and  Gd^Bi^Fe^Oj^  are  shown  in 
Figs.  16  and  17  respectively  .  Two  distinct  reactions  can  be  seen  in  the  first  trace,  an 
endothermic  reaction  at  500  °C  associated  with  stress  relief  as  the  viscosity  of  the  "glassy 
phase"  passes  through  its  annealing  point^”*,  a  strong  exothermic  reaction  at  720  °C  associated 
with  the  growth  of  the  garnet  phase.  Three  reactions  can  be  seen  in  the  second  trace,  an 
endothermic  reaction  at  500  C  associated  with  stre.ss  relief  as  the  viscosity  of  the  "glassy 
phase"  jtasses  through  it.s  .annealing  point*"^,  a  strong  exothermic  reaction  at  670  °C  associated 
with  the  growth  of  the  garnet  pha.se  and  the  beginnings  of  a  endothermic  reaction  at 
approximately  1000  '  where  this  material  begins  to  melt  This  data  shows  the  reduction  of 
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the  crystallization  temperature  from  720  °C  to  670  °C  as  the  bismuth  content  is  increased  from 
2  to  5  atomic  percent.  This  data  also  shows  the  optimal  crystallization  temperature  for  lightly 
bismuth  doped  YIG  between  720  °C  and  760  °C  and  the  annealing  point  of  the  "glassy"  phase 
between  450  “  C  and  550 
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Figure  16:  Differential  thermal  analysis  trace  for  Y2  gBi^  ^Fe^Oj,, 

3.4.3  Ferromagnetic  Resonance 

A  perpendicular  FMR  spectrum  of  a  0.4  pm  thick  Y.,BijFegOj^  using  a  minibox  signal- 
coupler  is  shown  in  Fig.  18.  The  5.5  GHz  resonance  at  a  field  of  3.53  kOe  has  a  signal  strength 
comparable  to  those  of  thicker  LPE  grown  garnet  films.  This  spectrum  also  shows  the  film  has  a 
reasonably  narrow  resonant  line  width  of  133  Oe. 

A  saturated  garnet  film  in  the  perpendicular  resonant  mode  with  uniaxial  perpendicular 
anisotropy  should  show'  a  resonant  frequency  that  varies  linearly  with  the  applied  field  as 
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Figure  17:  Differential  thermal  analysis  trace  for  Gd2BijFegOj2 
where  /  is  the  resonant  frequency,  7  =  2.8  MHz  /  Oe  is  the  gyromagnetic  ratio,  is  the 
applied  field,  is  the  anisotropy  field  and  Mg  is  the  saturation  magnetization.  A  plot  of  the 
resonant  frequency  versus  the  applied  field  in  the  perpendicular  resonant  mode  is  shown  in  Fig. 
19  for  three  Y„  Bi.Fe,0,„  garnets  with  different  amounts  of  bismuth.  Straight  lines  fitted 
through  these  data  have  slopes  approximately  equal  to  2.8  MHz  /  Oe  indicating  almost  complete 
crystallization  of  the  garnet  phase.  All  of  these  films  had  their  easy  axis  of  magnetization  in  the 
plane  of  the  film  determined  by  measurements  using  a  vibrating  sample  magnetometer.  The 
exact  value  of  the  anisotropy  field  can  not  be  determined  by  extrapolation  to  zero  field  because 
of  uncertainties  in  the  measurement  of  the  saturation  magnetization.  But  it  can  clearly  be  seen 
that  the  addition  of  bismuth  lowers  the  perpendicular  anisotropy  field  since  the  saturation 
magnetization  at  room  temperature  varies  little  with  bismuth  substitution. 

Substitution  of  other  elements  for  either  or  Bi  should  have  an  effect  on  the  anisotropy 
field  through  variations  in  the  magnetostriction  coefficient.  By  proper  choice  of  the  substituents, 
one  with  a  positive  influence  on  the  anisotropy  field  and  one  with  a  negative  influence,  a 
composition  with  an  anisotropy  field  identically  equal  to  zero  should  be  obtainable. 
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Figure  18:  Perpendicular  mode  ferromagnetic  spectrum  at  5.5  Ghz  for 


Figure  19:  I’crpcii 
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A  saturated  garnet  film  in  the  parallel  resonant  mode  with  a  perpendicular  uniaxial 
anisotropy  should  show  n  resonant  frequency  that  varies  as  the  square  root  of  the  applied  field  as 

A  plot  of  the  resonant  frequency  versus  the  applied  field  in  the  parallel  resonant  mode  for  a  1 
/im  thick  Y2  ^Big  gFe^Oj^is  shown  in  Fig.  20.  The  data  fits  the  model  very  well  showing  that 
the  magnetization  does  not  prefer  any  direction  within  the  film  plane  (i.e.  the  resonant  frequency 
will  approach  zero  as  the  applied  field  approaches  zero).  For  microwave  devices  it  is  desirable  to 
operate  with  small  bias  fields,  therefore  it  is  necessary  to  be  able  to  saturate  the  film  in  small 
fields  to  obtain  a  strong  single  mode  resonance.  The  films  deposited  thus  far  are  not  sufficiently 
"soft";  fields  over  300  Oe.  are  needed  to  saturate  the  films  as  can  be  seen  from  the  B-H 
hysteresis  loop  for  a  1  //m  thick  Y2  gBi^  ^Fe^Oj,,  film  in  Fig.  21. 


Figure  20:  Parallel  mode  resonant  frequency  vs.  applied  field  for  Y,,  ^Big  gFe^Oj,, 

The  plane  of  the  film  is  the  e;isy  axis  bu(  the  coercivity  of  30  Oe  is  rather  large.  The  large 
in  plane  coercivity  is  due  to  the  microstruci ure  of  the  film.  The  grain  boundaries  act  as  pinning 
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NAMf.:  J  10 

DATt:  06-01-1992 

F9EQ:  2  Hz 


4.000  nWt>  -r 


Cocrclvlty:  29.349  Oe 
Refinance  Mag.:  1.315  nWb 
Saturation  Mag.:  3.036  nWb 


Figure  21:  B-H  hysteresis  loop  for  1  fixn  thick  polycrystalline  Y2  4Bio0Fe^Oj2  f'liin 
sites  for  domain  walls  and  help  to  reduce  the  exchange  between  grains  isolating  each  grain  and 
increasing  the  coercivity.  To  obtain  performance  comparable  with  LPE  grown  films,  the 
microstructure  must  be  altered  to  produce  "softer"  films. 

4  Microstructure 

Although  polycrystalline  garnet  films  with  bulk  magnetic  and  magneto-optic  properties 
suitable  for  optical  guided  wave  devices  or  optical  recording  media  can  be  deposited  on  a  variety 
of  substrates,  and  the  magnetic  properties  controlled  by  choosing  an  appropriate  composition, 
devices  employing  these  films  often  exhibit  severe  degradation  of  performance  compared  to  LPE 
grown  films.  This  degradation  of  performance  is  related  to  the  microstructure  of  the  film.  A 
magnetic  domain  written  in  a  saturated  film  with  a  3  /<m  circular  laser  spot  is  shown  in  Fig.  22. 
■Ml  the  grains  within  the  huser  spot  are  magnetized  in  the  reverse  direction  creating  an  irregularly 
shaped  domain  (i.e.  the  domain  walls  are  located  only  along  grain  boundaries).  In  order  to  use 
these  filnis  for  magneto-optic  applications  it  will  be  necessary  to  produce  uniform  sized  finely 
grained  films  to  reduce  light  scattering  and  enable  creation  of  controlled  magnetization  states. 
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Figure  22:  Domain  written  in  garnet  film  with  circular  laser  spot 
4.1  Scanning  Electron  Microscopy 

A  GdgBijFe^  qAIq  2GaQ  2O12  film,  0.3  //m  thick,  annealed  at  670  °  C  in  air  for  4.5  hours 
was  coated  with  10  nm  of  gold  for  observation  in  the  SEM.  An  image  using  secondary  electrons 
(SE),  which  are  emitted  from  approximately  the  first  10  nm  and  provide  mainly  topographical 
contrast,  showed  no  features,  indicating  that  the  surface  of  the  film  was  smooth.  The  same  film 
however,  when  imaged  using  backscattered  electrons,  which  are  emitted  from  depths  of  0.1  to  1 
^lm  and  provide  mainly  atomic  weight  contrast,  showed  some  features  of  the  microstructure  of 
this  film  as  shown  in  Fig.  23.  Grains  approximately  1  /xm  in  diameter  can  be  seen  separated  by 
dark  boundaries.  The  dark  boundaries  could  possibly  indicate  that  the  grain  boundaries  are  to  a 
large  extent  voided;  however,  more  detailed  information  is  difficult  to  draw  from  the  images  due 
to  the  poor  contrast  and  resolution  of  this  technique. 

I  wo  lilms  deposited  under  identical  sputtering  conditions  as  the  film  imaged  previously, 
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Figure  23:  1?1^  imago  of  gold  coated  sputtered  garnet  film 
one  <li  poMted  on  Cornliig  No.  TOaO  gla.s.s  and  the  other  deposited  on  ('orning  No.  0317,  were 
liglilly  etelieil  for  la  .seconds  in  at  120  '  ('  and  then  coated  with  10  nm  of  gold.  The  acid 

etch,  preferi’iit  iall\  etches  the  gram  boundaries  revealing  the  mierost  ruet  ure  using  SIC  as  shown 
in  f  igs  2  1  and  2.').  'I'liis  teciinicpK'  [)r(.-)vides  a  simiile  means  for  rapid  analysis  of  the  grain  size 
.iii'l  disinliiit  loll  111  polvervst  alline  garnet  films.  The  film  de|>osited  on  C'orning  No.  7059  glass 
has  all  average  grain  diameter  of  2  /till  while  tin-  film  d''i'e)sited  <'11  (’orning  No.  0317  has  an 
average  grain  diaiimler  of  I  //III.  'I'he  el(diing  also  reveab  a  "radial  s|)oke"  substructure  within 
indi\  iilnal  grams,  possibly  due  to  a  higher  etching  rate  at  <  rysial  (b  iei-ts. 


•1.2  TTansni ission  Fb'ctron  Microscopy 
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Figure  24:  SIC  image  of  liglitly  etched  sputtered  garnet  film  deposited  on  Corning  No. 
70^y9  ghuss 

4.2.1  Conventional  TEM 

In  eontr;i.st  tc^  tlie  scanning  electron  microscope  wliere  replication  or  etching  techniques  are 
used  to  observe  topographical  features  indicative  of  the  internal  structure,  direct  observation  of 
the  microstructure  of  thin  sam[)les  (',  1000  A)  is  pc'ssihle  with  the  transmission  electron 

microscope.  Selected  area,  electron  diffraction  (S.\D)  and  dark  field  techniques  can  be  used  to 
distinguish  between  crvstalline  and  gla.ssy  jdia.ses  ainl  for  crystal  structure  identification. 
Sidected  area  x-ray  fluorescence  (Id)X)  can  be  used  to  determine  the  composition  of  the  phases 
present 


Meidianical  polisliing  and  ion  rnillin.g  wa.s  ns'd  to  r-movc  the  stibstrate  and  thin  a  garnet 
film  froMi  the  l.'p  and  iM'ttoin  surface-.  It  w.,.-  iec,--.,:-\  f  u'  the  ion  milling  to  be  irerformed 

\  <'r\  sh'wK'  using  a  lli|Uld  nil  l' 'gen  coi>|cd  sulistra!-'  -lag'-  :ivo|d  damaging  the  specimens.  1  he 
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Figure  25;  SE  image  of  lightly  etched  sputtered  garnet  film  deposited  on  Corning  No. 

0317  glass 

bright  field  TEM  (Philips  420T)  micrograph  in  Fig.  26  clearly  shows  0.5  -  1.0  /zm  sized  grains 
and  approximately  50  nm  sized  voids  located  primarily  at  the  grain  boundaries.  The 
corresponding  electron  diffraction  pattern  in  Fig.  27  shows  the  garnet  phase,  and  a  possible 
second  phase  although  identification  is  difficult  due  to  the  multitude  of  diffraction  rings.  The 
corresponding  dark  field  image  in  Fig.  28  shows  these  grains  to  be  individual  single  crystals,  as 
indicated  by  the  three  bright  grains  which  changed  contrast  from  the  bright  field  image.  Each 
grain  is  decorated  with  small  (  <  50  nm)  spherical  "globules",  uniformly  distributed  throughout 
as  shown  in  Fig.  29. 

Some  experiments  had  pointed  to  segregation  in  these  materials.  A  large  increase  in  the 
Faraday  rotation  was  observed  when  a  sputter  deposited  film  was  quenched  from  670  ^  C  to 
room  t  (Mil  p''rat  II  re  ratln-r  than  slowly  cooled.  No  second  jihases  were  dctcctal)le  by  x-ray 
diflraction  of  thes('  films  Due  to  these  observations,  and  the  s<diibility  limit  of  Hi'  in  bulk 
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Figure  26:  Bright  field  TEM  image  of  garnet  film 

samples  of  rare  earth  iron  garnets'^  bismuth  segregation  was  suspected  to  be  responsible  for  the 
difference  in  optical  rotation.  To  add  further  evidence  to  the  bismuth  segregation  argument  two 
sets  of  films  were  prepared  by  pyrolysis  GdgBijFe^Ojg  3-nd  Gd^Y^Bi^Fe^O^gi  both  slowly  cooled 
and  quenched.  It  was  expected  that  a  difference  in  rotation  would  be  seen  between  the  slow 
cooled  and  quenched  samples  for  the  first  set,  while  the  addition  of  the  small  dodecahedral  site 
substituent  (Yttrium)  would  help  relieve  the  increase  in  strain  energy  associated  with  increasing 
bismuth  substitution  thereby  reducing  the  tendency  for  bismuth  segregation.  The  optical 
rotation  increased  when  the  Gd2Bi^Fe^Oj2  film  was  quenched  while  it  did  not  increase  for  the 
GdjYjBjFegOj2  film.  While  this  data  does  not  conclusively  prove  bismuth  segregation  or 
determine  its  solubility  limit  in  iron  garnet  thin  films,  it  is  otherwise  difficult  to  explain  and  it 
does  show  a  property  of  these  materials  which  is  very  process  dependent  which  will  need  to  be 
reduced. 


Figure  28:  Dark  field  TEM  image  of  garnet  film 

Selected  area  ED  AX  was  done  on  the  grain  boundaries,  "globules"  and  in  the  middle  of  the 
grains.  The  ratios  of  iron  to  gallium,  iron  to  gadolinium  and  iron  to  bismuth  peaks  for  each  of 
these  features  and  for  large  areas  incorporating  many  of  each  type  of  feature  are  shown  in  Table 
2.  The  iron  to  gallium  and  iron  to  gadolinium  ratios  are  the  same  in  all  areas  while  the  iron  to 
bismuth  ratio  varies.  The  grain  boundaries  are  slightly  depleted  in  bismuth  compared  to  grains 
while  the  "globules"  are  very  bismuth  rich.  This  is  conclusive  proof  that  bismuth  segregation 
readily  occurs  in  these  materials.  The  size  of  these  features  are  smaller  than  the  available 
measurement  apertures  making  quantitative  analysis  impossible  as  each  spectrum  contains  some 
information  from  the  surrounding  regions.  The  segregation  of  bismuth  will  result  in  a  smaller 
Faraday  rotation  than  a  comparable  fully  substituted  film.  Smaller  dodecahedral  site 
substituents  such  as  Y  or  Lii  should  be  employed  in  order  to  achieve  large  Faraday  rotation  (i.e. 
high  Bi  substitution). 


IM):  \U  i-  hi  l  if-hi  Tl  A1 
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Table  2:  Selected  area  EDAX  ratio  of  elemental  peaks 


Feature 

Fe/Ga 

Fe/Gd 

Fe/Bi 

Area 

3.40 

1.74 

2.27 

Grain 

3.43 

1.72 

2.35 

Boundary 

3.42 

1.68 

2.68 

Globule 

3.41 

1.72 

1.25 

4.2.2  High  Resolution  TEM 

Variations  in  the  deposition  and  annealing  process  were  observed  to  have  little  influence  on 

the  grain  size  and  distribution,  therefore  the  microstructure  before  and  during  annealing  was 

investigated.  Both  x-ray  diffraction  and  electron  diffraction  as  shown  in  Fig.  30  revealed  an 

amorphous  type  diffraction  pattern  for  the  as-deposited  film.  The  TEM  image,  however, 

revealed  small  particles  (10  nm)  distributed  across  the  film  as  seen  in  Fig.  31.  The  high 

« 

resolution  TEM  (JEOL  4000EX)  revealed  these  particles  to  be  crystalline  Bi  (d  3.3  A)  with  a 
spacing  of  about  20  nm  as  seen  in  Fig.  32. 

4.2.3  In-situ  Annealing 

The  annealing  process  was  studied  by  performing  in-situ  annealing  in  the  TEM  (JEOL 
120CX).  The  bismuth  particles  begin  to  grow  producing  diffraction  rings  at  400  °C  and 
gradually  transforms  into  /JBi^jOg  between  400  °C  and  500  ^  C  as  shown  in  Figs.  33  and  34.  At 
650  °C  the  garnet  phase  begins  to  develop.  The  grains  nucleate  approximately  1  pm  apart  and 
rapidly  grow  until  they  impinge  upon  one  another  as  shown  in  Fig.  35.  The  boundaries  between 
the  "glassy"  phase  and  the  garnet  is  blurred  in  this  image  due  to  grain  growth  during  film 
exposure  (exposure  time  1  sec.).  The  rapid  growth  rate  made  it  impossible  to  associate  the 
nucleation  sites  with  any  particular  microstructural  features.  No  further  growth  occurs  after  the 
grains  have  grown  together,  therefore,  the  final  grain  size  and  distribution  is  determined  by  the 
initial  density  of  garnet  nuclei. 
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Figure  30:  Electron  diffraction  pattern  of  as  deposited  film 

5  Conclusion 

The  ferrimagnetic  garnets  are  promising  materials  for  integrated  microwave  and  optical 
devices.  Polycrystalline  films  offer  many  processing  advantages  over  single  crystal  LPE  grown 
films  including,  lower  processing  temperatures  (670  °C),  ease  of  ionic  substitution,  wider  choice 
of  substrate  material,  etc..  We  have  studied  how  the  processing  parameters  affect  the  bulk 
magnetic  microwave  and  magneto-optic  propertice  for  rf  magnetron  sputter  deposited  films,  ion 
beam  sputter  deposited  films  and  spin  coated  /  pyrolysis  deposited  bismuth  doped  iron  garnet 
film.^^  The  chemical  composition  has  a  large  influence  on  magnetic  properties  such  as  (he 
compensation  temperature  and  Curie  tem|)erature  and  through  these  controls  other  material 
parameters  such  as  the  coercivity.  For  sputter  deposited  films  we  have  shown  the  composition 
can  he  controlled  Ity  the  s))Ut((’ring  ]>arameteis  mid  target  c('im[)osition.  \Ve  have  also  shown 
lhal  It  IS  important  to  keep  the  resputtering  of  (he  gianving  film  to  a  minimum  tf)  achieve  high 


F'igure  31:  Unght  field  TKM  image  of  as  deposited  garnet  film 
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Figure  34:  Electron  diffraction  pattern  of  film  annealed  at  500  °C  for  30  min. 
bismuth  substitution.  The  composition  for  thermally  decomposed  films  is  controlled  by  the 
initial  solution  composition.  The  employment  of  these  films  in  many  types  of  devices  will 
depend  on  the  ability  to  produce  uniform  finely  grained  films.  We  have  done  extensive  studies  of 
the  crystallization  processes  in  these  materials.  We  have  developed  a  simple  and  rapid  technique 
for  the  analysis  of  the  grain  size  and  distribution  in  these  materials.  We  have  shown  that  the 
large  "c"  site  bismuth  ion  readily  segregates  to  spherical  regions  distributed  throughout  the  film 
in  the  as-deposited  state,  and  as  the  film  is  heated,  the  bismuth  transforms  into  (3B\20^.  In-situ 
annealing  in  the  TEM  has  shown  that  the  microstructure  of  garnet  films  deposited  on  glass 
substrates  is  controlled  by  the  initial  nucleation  density  of  the  garnet  phase.  For  these  materials 
to  be  employed  in  devices  it  will  be  necessary  to  find  a  method  to  increase  the  nucleation 
density. 


Figurr  35:  HnL:lit  I'ii’ld  'I'l'A!  showing  o| 


g-.irnct  phase  at  (i-aO 
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Abstract 


Pure  and  substituted  barium  hexaferrites  have  been  investigated  for  potential 
applications  in  magnetic/magneto-optic  recording  and  microwave/millimeter  wave 
technology.  The  goal  of  this  investigation  was  to  study  the  feasibility  of  preparing  thin 
films  of  such  ferrites,  with  good  perpendicular  c-axis  texture,  perpendicular  anisotropy  and 
large  room  temperature  coercivities.  The  method  of  depositing  such  thin  films  was 
essenrially  rf  sputtering  and  the  effects  of  the  various  sputtering  parameters  on  the  magnetic 
properties  were  studied.  The  microstructure  of  these  films  was  also  studied  and  efforts 
were  made  to  correlate  the  structural  details  to  the  sputtering  conditions  and  in  mm  to  the 
resulting  magnetic  properties.  Pure  barium  hexaferrite  films  with  high  degrees  of 
perpendicular  c-axis  texture,  perpendicular  anisotropy  and  desired  coercivities  have  been 
obtained  for  low  power  sputter-deposition  of  around  20  watts,  low  argon  pressure  of  5 
mTorr  and  a  grounded  substrate.  A  similar  study  was  also  conducted  to  determine  the  ideal 
sputtering  conditions  and  their  effects  on  stoichiometry  in  case  of  substimted  hexaferrites. 
A  number  of  substrates  were  investigated,  as  potential  candidates  for  thin  film  growth.  A 
variety  of  post-deposition  annealing  schemes  was  also  studied.  Attempts  were  also  made  to 
grow  thick  films  using  Liquid  Phase  Epitaxy  (LPE). 
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1.  Introduction 

Barium  hexaferrites,  both  substituted  and  unsubstituted,  are  being  studied 
extensively  for  applications  in  the  areas  of  magnetic,  magneto-optical  recording,  as  well  as 
in  the  areas  of  microwave  and  millimeter  wave  technology. This  class  of  hexaferrites 
satisfies  the  requirements  for  various  device  applications,  in  that  it  has  high  p>ermeability 
and  saturation  magnetization,  good  corrosion  resistance,  thermal  stability,  high  room 
temperature  coercivity  and  favorable  magneto-optic  and  microwave  properties.  Another 
unique  feature  to  this  class  of  materials  is  that  the  unsubstimted  barium  hexaferrite  has  a 
very  high  uniaxial  anisotropy,  which  can  be  systematically  reduced  over  a  large  range  by 
suitably  substituting  with  Co  ions  (and  Ti  or  Sn  ions  for  charge  compensation).  Barium 
hexaferrite  has  attracted  much  interest  as  a  high  density  perpendicular  magnetic  recording 
medium  in  part  due  to  its  large  uniaxial  anisotropy. 

In  magneto-optical  recording,  the  presently  favored  recording  media  are  rare-earth 
transition  metal  (RE-TM)  alloys.  A  major  drawback  which  exists  with  the  RE-TM  mataials 
is  that  they  are  not  corrosion  resistant  and  have  small  magneto-optical  effects.  Among  the 
materials  which  are  currently  being  studied  to  resolve  these  problems  are  (besides  Pt/Cto 
multilayers  ^"^^and  oxides,  such  as  Bi-substituted  garnets®’^)  substituted  hexaferrites.^® 
Barium  hexaferrites  have  low  Faraday  rotation  values.  In  order  to  improve  the  Faraday 
rotation,  researchers  have  substituted  Co-Ti  for  Fe  in  appropriate  amounts,  while  still 
maintaining  perpendicular  magnetization.  Since  hexaferrites  have  large  magnetocrystalline 
uniaxial  anisotropy  parallel  to  the  c-axis,  one  can  deposit  polycrystalline  films  with 
perpendicular  magnetization  by  simply  obtaining  high  degrees  of  c-axis  orientation. 

Microwave  and  millimeter  wave  devices  require  materials  with  low  magnetic  losses 
and  strong  anisotropy  fields.^’^  The  magnetic  loss  can  be  characterized  by  the  resonance 
linewidths  of  the  materials  and  narrow  linewidths  are  indicative  of  low  loss  and  thus 
increa.se  the  operating  efficiency  of  the  device.  Barium  hexaferrites  have  remarkably  narrow 
linewidths.  Also,  materials  with  a  high  anisotropy  field  such  as  barium  hexaferrite  reduce 
the  need  for  external  high  field  magnets  because  the  anisotropy  enables  the  material  to 
operate  close  to  resonance  at  microwave  and  millimeter  wave  frequencies  with  small 
applied  fields.  The  operating  frequency  can  be  changed  by  suitably  altering  the  magnetic 
properties  by  Co-Ti  substitution.  By  varying  the  anisotropy  field  through  substitution. 
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devices  can  be  fabricated  in  principle,  to  operate  through  a  wide  range  of  microwave  and 
millimeter  wave  frequencies. 

At  present,  these  materials  are  grown  as  bulk  crystals.  This  process  produces  near- 
perfect  single  crystals.  However,  single  crystal  bulk  materials  can  be  expensive.  Also, 
many  hybrid  device  configurations  require  that  the  magnetic  materials  be  in  thin  film  form. 
Thus  considerable  effort  has  been  applied  by  various  researchers  to  fabricate  thin 
hexaferrite  films. 

The  main  objective  of  this  project  was  to  produce  good  quality  thin  films  of 
substituted  and  pure  barium  hexaferrite  suitable  for  device  fabrication.  In  our  study,  the 
films  were  mostly  dep)osited  by  rf  sputtering,  followed  by  a  post-deposition  annealing. 
This  resulted  in  polycrystalline  films,  which  were  examined  for  composition, 
microstructure  and  magnetic  properties.  While  these  polycrystalline  films  may  have  good 
magnetic  properties,  it  is  usually  not  possible  to  grow  thick  enough  films  necessary  for 
device  applications  by  just  sputtering.  Hence  attempts  have  also  been  made  by  various 
researchers^  to  grow  hexaferrite  films  using  the  liquid  phase  epitaxy  technique  (LPE) 
which  is  so  successful  in  producing  .'tingle  crystal  garnet  films.  However,  unlike  the 
garnets,  suitable  lattice  niched,  inexpensive,  non  magnetic  substrates  are  not  available 
commercially.  A  novel,  modified  LPE  technique  was  suggested  by  Yuan  et  al*^  to  grow 
thick,  single  crystal  films.  The  first  step  of  this  technique  involved  sputter-depositing  a 
layer  of  the  hexaferrite  on  a  substrate  (such  as  polished  sapphire  crystals  which  are 
approximately  lattice  matched  to  the  magnetic  film).  The  sputtered  film  was  then  post- 
annealed  to  form  a  single  crystal  or  large  grain  polycrystalline  film.  Even  though  the 
substrates  belong  to  another  class  of  crystal  structure,  the  sputtered  films  were  reported  to 
have  good  hetero-epitaxy.  The  sputtered  film  was  then  used  as  a  seed  crystal  for 
subsequent  LPE  dipping,  using  an  appropriate  melt  system.  Attempts  were  made  by  us  to 
follow  this  scheme,  but  our  initial  results  were  not  encouraging. 

In  the  first  part  of  this  report,  our  work  on  pure  barium  hexaferrite  is  described. 
The  details  of  the  effects  of  various  sputtering  conditions  on  the  resulting  hexaferrite  films 
are  covered.  Results  on  various  substrates  are  also  presented.  In  the  second  part,  the  Co-Ti 
substituted  hexaferrites  and  our  attempted  LPE  growth  are  described.  FMR  characteristics 
are  also  described. 
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2.  Barium  Hexaferrite 

2.1  Experimental  procedure 

Three  different  choices  of  substrates  were  used  for  the  barium  hexaferrite  films.  (1) 
Vycor  (Coming  7913  glass)  (2)  Single  crystal  sapphire  and  (3)  thermally  oxidized  silicon 
(-5000  A  of  thermal  oxide).  The  films  were  deposited  by  rf  magnetron  sputtering  in  a 
Leybold  Z-400  sputtering  system.  The  target  used  was  a  three  inch  diameter  sintered  target 
of  the  constituent  oxides  of  barium  hexaferrites.  The  target  composition  was  the  same  as 
the  stoichiometric  compKJsition  of  barium  hexaferrite.  (BaFej20i9)  The  rf  power  and  the 

argon  pressure  are  the  two  sputtering  parameters  which  were  varied  to  determine  the 
optimum  sputtering  conditions.  The  sputtered  amorphous  films  were  then  crystallized  by 
annealing  in  a  tube  furnace  at  S00°C  for  three  hours  in  air. 

The  films  were  characterized  by  x-ray  diffraction  to  determine  the  crystal  structure 
of  the  thin  films.  Film  composition  was  determined  with  a  Tracor  X-ray  spectrace  5000  x- 
ray  fluorescence  spectrometer.  A  torque  magnetometer  was  used  to  measure  the  effective 
perpendicular  anisotropy.  (The  anisotropy  of  pure  barium  hexaferrite  is  too  large  to  use  any 
of  the  standard  FMR  cavity  set-ups  in  our  facility,  all  of  which  operate  under  33  GHz)  The 
coercivity  and  saturation  magnetization  were  measured  using  vibrating  sample 
magnetometer.  The  film  thickness  was  measured  with  a  Tencor  alpha-step  200 
profilometer. 

2.2  Results 

The  x-ray  diffraction  patterns  of  films  deposited  on  Vycor,  sapphire  and  thermally 
oxidized  silicon  (at  25  watts  rf  power  and  5  mTorr  argon  pressure)  are  shown  on  Fig.  1 
(a),  (b)  and  (c)  respectively.  The  intensity  peaks  corresponding  to  the  (006),  (008),  (00J4) 
planes  of  reflections  of  the  magnetoplumbite  phase  of  barium  ferrite  indicate  the 
perpendicular  c-axis  orientation.  These  x-ray  diffraction  patterns  indicate  that  all  three 
substrates  produced  films  with  fairly  high  degrees  of  c-axis  texture.  The  x-ray  diffraction 
scans  of  the  deposited  films  show  that  essentially  only  the  magnetoplumbite  phase  is 
present.  The  thinness  of  the  films  (KkX)  A  to  5000A)  limits  the  x-ray  detection  of  other 
phases  to  those  which  are  at  least  five  weight  percent.** 
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Due  to  the  large  difference  in  thermal  expansion  of  Vycor  and  barium  ferrite,  the 
crystallized  films  deposited  on  Vycor  sometimes  cracked  and  often  the  films  pieeled  off 
fairly  easily.  The  sapphire  substrates  produced  crackless  films  since  their  thermal  properties 
are  similar  to  barium  hexaferrites.  Sapphire  also  had  the  closest  lattice  match  with  barium 
ferrite,  with  a  lattice  mismatch  of  approximately  seven  per  cent.  The  films  deposited  onto 
the  thermally  oxidized  silicon  substrates  were  crackless  only  when  the  deposited  film  was 
less  than  about  2000A  thick.  A  good  part  of  this  study  was  done  using  thermally  oxidized 
silicon  as  the  substrate,  since  they  were  fairly  inexpensive  as  compared  to  sapphire  and  still 
produced  good  quality  films. 

The  reason  that  800°C  was  chosen  to  be  the  annealing  temperature  is  shown  in  hot 
stage  x-ray  diffraction  data  in  Fig.  2.  With  the  heating  element  in  the  x-ray  diffractometer, 
high  temperature  x-ray  diffraction  pattern  can  be  obtained.  As  shown  in  the  figure,  at 
temperatures  below  700°C,  sputtered  films  were  in  the  amorphous  state.  However,  at 
800°C,  films  were  very  well  crystallized  with  good  c-axis  orientation  perpendicular  to  the 
film  plane.  This  indicates  that  the  crystallization  temperature  of  sputtered  barium  hexaferrite 
films  is  within  the  range  between  lQ(fC  and  8(K)°C.  For  consistency,  800°C  was  chosen  as 
the  annealing  temperature  for  the  rest  of  the  study  described  in  this  report. 

Films  were  deposited  with  rf  input  power  ranging  from  25  watts  to  150  watts  at  an 
argon  pressure  of  5  mTorr  and  with  the  substrate  grounded.  X-ray  diffraction  patterns  as  a 
function  of  rf  power  are  shown  in  Fig.  3.  These  figures  show  that  the  oaxis  texture 
decreases  as  the  rf  power  is  increased.  Again,  only  the  magnetoplumbite  phase  was 
detected.  In  order  to  estimate  the  degree  of  the  c-axis  orientation,  a  method  proposed  by  F. 
K.  Lotgering^^  was  used.  From  the  x-ray  diffraction  patterns,  the  integrated  intensities  of 
the  (001)  reflections  and  the  integrated  intensities  for  all  the  (hkl)  reflections  including  the 
(001)  reflections  were  calculated.  The  ratio  of  the  two  respective  sums  are  determined  for 
the  oriented  barium  hexaferrite  films  (p)  and  for  the  randomly  oriented  barium  hexaferrite 
(po).  From  these  two  values,  a  quality  factor,  f,  for  the  orientation  is  calculated. 

f  =  (p-Po)/(i-Po) 

For  increasing  degree  of  orientation,  f  increases  from  0.0  (random)  to  1.0 
(completely  oriented)  The  results  of  these  calculations  for  the  sputtered  films  are  shown  in 
Fig.  4.  Tlie  calculations  indicate  a  good  c-axis  orientation  at  low  rf  powers. 
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Rcx:king  curve  measurements  of  the  (008)  crystal  plane  for  the  films  are  plotted  in 
Fig.  5.  The  results  compare  favorably  with  the  results  of  c-axis  texture  calculations  in  Fig. 
4.  From  This  figure,  it  can  be  seen  that  the  films  deposited  with  low  rf  power  have  low 
dispersion  angles  of  about  6.0  degrees,  while  those  deposited  at  higher  rf  power  exhibit  a 
broadening  of  the  dispersion. 

Using  x-ray  fluorescence,  the  barium  content  of  the  deposited  films  was 
determined.  A  plot  of  the  barium  content  as  a  function  of  rf  power  is  shown  in  Fig.  6.  It 
was  found  that  the  rf  power  had  very  litde  influence  on  the  barium  content  of  the  films. 

The  change  in  the  effective  anisotropy  with  rf  power  is  shown  in  Fig.  7-  The 
decrease  in  the  perpendicular  anisotropy  with  rf  power  was  consistent  with  the  results  of 
the  x-ray  diffraction  patterns,  in  that  the  degree  of  perpendicular  orientation  decreased  with 
increasing  power.  The  saturation  magnetization  and  perpendicular  coercivity  plots  as  a 
function  of  increasing  rf  power  are  shown  in  Figs.  8  and  9,  respectively.  It  can  be  seen 
from  these  plots  that  the  magnetization  decreased  with  rf  power,  while  the  coercivity 
increased  with  rf  power.  Films  were  deposited  at  argon  pressures  ranging  from  5  mTorr  to 
25  mTorr  at  a  constant  rf  power  of  25  watts  and  with  the  substrate  grounded.  X-ray 
diffraction  data  of  films  deposited  at  various  pressures  are  shown  in  Fig.  10.  The 
diffraction  patterns  indicate  a  decrease  in  the  c-axis  texture  with  increasing  argon  pressure. 
The  effects  of  increasing  the  argon  pressure  on  the  barium  content  is  shown  in  Fig.  1 1. 
There  was  a  noticeable  increase  in  the  barium  content  as  compared  to  stoichiometry,  as  the 
argon  pressure  was  increased. 

The  decrease  in  the  c-axis  texture  with  increasing  argon  pressure  is  also  indicated 
by  a  decrease  in  the  effective  anisotropy  constant  as  shown  in  Fig.  12.  The  changes  in  the 
magnetization  and  perpendicular  coercivity  are  plotted  in  Figs.  13  and  14,  respectively. 
These  results  are  similar  to  those  from  films  which  were  deposited  at  different  rf  powers. 

2.3  Discussion 

The  crystal  structure  and  magnetic  properties  are  highly  dependent  on  the 
composition  of  the  deposited  films.  As  shown  in  Figs.  4-6,  barium  content  varies  veiy  little 
from  that  of  the  stoichiometric  target  composition  when  sputtered  with  different  rf  powers. 
However,  the  barium  content  increased  when  the  argon  pressure  was  increased  (Figs.  4- 
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1 1).  These  results  indicate  that  the  deposition  of  films  with  target  stoichiometry  are  highly 
sensitive  to  the  argon  pressure. 

Increasing  the  rf  power  has  the  effect  of  increasing  the  number  of  ions  and  energetic 
electrons  bombarding  the  substrates  which  in  turn  will  increase  the  substrate  temperature 
and  resputtering  of  the  deposited  film.  It  is  possible  that  such  high  substrate  temperatures 
would  result  in  the  nucleation  of  small  barium  hexaferrite  crystals,  which  could  not  be 
detected  by  standard  x-ray  diffraction  procedure.  During  the  post-deposition  annealing 
process,  these  small  randomly  oriented  crystals  would  grow,  producing  films  with 
increasing  randomness.  Sophisticated  techniques  such  as  microdiffraction  might  be  used  to 
detect  these  microcrystals  and  verify  this  hypothesis. 

As  a  measure  of  how  well  the  c-axis  texture  is  dispersed,  a  low  A05o  of  about  6.0 
degrees  was  obtained  for  films  deposited  at  low  power.  However,  this  is  not  as  low  as 
those  reponed  by  Morisako  et  al.*^’ The  trends  in  the  coercivity  and  anisotropy  correlated 
well  with  the  crystal  texture,  in  that  as  the  degree  of  c-axis  texture  decreased,  there  was  a 
corresponding  decrease  in  the  uniaxial  anisotropy  and  an  increase  in  coercivity. 

The  increase  in  the  barium  content  of  the  deposited  films  at  higher  pressures  could 
possibly  be  explained  by  the  increase  in  the  scattering  of  iron  in  the  plasma  This  resulted  in 
films  which  have  higher  barium  content.  The  issue  of  argon  incorporation  in  the  films  was 
not  significant  since  any  argon  trapped  is  released  during  the  annealing  process.  The  degree 
of  c-axis  texture  of  the  films  decreased  with  excess  barium,  which  could  be  present  in  the 
form  of  amorphous  phases  of  barium.  This,  in  turn,  resulted  in  the  changes  seen  in  the 
magnetization.  However,  this  change  in  magnetization  is  not  monotonic  and  at  present  we 
haven't  been  able  to  explain  the  trend  observed  in  Mj  (Fig.  13)  due  to  changes  in  argon 

pressure. 

By  comparing  with  the  Mj  value  for  bulk  barium  hexaferrite,  which  is  380  emu/cc, 
the  Mj  for  our  initial  thin  films  was  about  250  emu/cc,  almost  35%  lower.  Since  saturation 
magnetization  is  an  intrinsic  property  of  a  specific  material,  the  low  indicates  that  films 
are  not  pure  barium  hexaferrite.  Therefore,  considerable  efforts  were  made  to  diagnose  this 
problem. 

Saturation  magnetization  as  a  function  of  film  thickness  was  measured  and  is 
shown  in  Fig.  1 5.  All  of  the  films  were  sputtered  at  an  argon  pressure  of  5  mTorr  and  a 
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sputtering  power  of  about  25  watts.  Apparently,  there  is  a  problem  in  obtaining  good 
barium  hexaferrite  in  the  initial  layers  of  the  film,  because  when  the  film  is  thin,  even  up  to 
lOOOA,  Mg  is  very  low.  For  thick  films.  Mg  reaches  its  highest  value  of  about  250  emu/cc, 

which  is  still  lower  than  the  value  for  bulk  material  by  almost  35%.  Crystal  anisotropy 
measurements  show  a  similar  behavior  as  shown  in  Fig.  16.  X-ray  diffraction  patterns 
have  already  shown  that  only  the  magnetoplumbite  phase  is  present  in  the  film.  What  it 
doesn't  show  is  whether  the  amorphous  phase  exists  or  not.  We  believe  there  is  an 
amorphous  phase  present  in  the  film  because  the  amorphous  phase  for  barium  ferrite  is 
non-magnetic.  Thus,  only  part  of  the  film,  which  is  magnetic,  contributes  to  the  saturation 
magnetization  and  the  magnetocrystalline  anisotropy.  Hiis  is  why  these  two  parameters  are 
lower  than  for  bulk  material. 

Film  density  and  composition  were  also  studied  on  the  same  films  by  using  x-ray 
fluoresence.  Results  are  shown  in  Figs.  17  and  18.  The  film  density  follows  a  very  similar 
trend  with  thickness  as  the  magnetization  and  anisotropy.  Thin  films  exhibit  low  density, 
but  even  thick  films  have  a  lower  density  than  bulk,  which  is  5.28  g/cc  for  barium 
hexaferrite  single  crystals.  This  low  density  could  be  caused  by  porosity,  the  presence  of 
other  phases  or  the  existence  of  an  amorphous  phase  in  the  film  because,  usually,  the 
amorphous  phase  has  a  lower  density  than  that  of  crystals,  due  to  the  fact  that  crystals  have 
close-packed  structure.  Composition  measurements  indicate  that  these  films  do  not  have  the 
correct  composition  to  form  single  phase  barium  hexaferrite.  The  BaO  content  is  about  2 
mole%  lower  than  the  single  phase  region  as  shown  in  Fig.  18.  This  hinders  the 
crystallization  process  of  the  film.  This  also  suggests  that  the  sputtering  target  composition 
needs  to  be  further  modified  in  order  to  maintain  the  correct  single  phase  in  the  film. 

A  new  target  with  composition  of  Bai  25Fei20i9  was  then  used  in  order  to 
increase  the  barium  content  in  the  film.  Sputtering  parameters  like  argon  pressure  and  rf 
power  had  very  similar  effects  on  film's  magnetic  properties  as  it  did  for  the  first  target. 
Films  deposited  at  an  argon  pressure  of  5  mTorr  and  an  rf  power  of  20  watts  had  the 
correct  stoichiometric  composition  and  very  good  c-axis  orientation.  Their  Mg  value 
reached  350  emu/cc,  which  is  close  to  the  bulk  value.  For  comparison,  the  M^  vs  sputtering 
power  for  the  two  different  targets  are  plotted  in  Fig.  19.  However,  an  interesting  event 
arises.  For  the  first  target,  when  the  film  is  thinner  than  lOOOA,  it  is  seldomly  crystallized. 
But,  for  the  second  target,  even  when  the  film  is  as  thin  as  500A,  it  is  still  very  well 
crystallized.  The  exact  reason  for  this  difference  is  not  clear  at  present.  Perhaps  the 
crystallization  process  is  very  sensitive  to  the  film  composition.  As  shown  in  the  standard 
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barium  ferrite  phase  diagram  (Fig.  20),  M-type  hexaferrite  single  phase  can  only  be 
formed  in  the  composition  range  between  BaFej20j9  and  Bai  2oFei20 19.  noticing  that 

barium  content  should  be  a  little  higher  than  or  equal  to  its  stoichiometry.  The  increasing  of 
the  Mg  value  is  also,  at  least  partially,  due  to  the  elimination  of  the  initial  layer  problem 

existing  in  the  film  deposited  from  the  first  target. 

Although  the  Mg  value  has  been  increased  close  to  the  bulk  value,  the 
magnetocrystalline  anisotropy  of  the  film  measured  by  torque  magnetometer  (about 
2.1x10^  erg/cc)  was  still  lower  than  the  bulk  anisotropy  which  is  reported  as  3.3x10^ 
erg/cc  in  the  literature.  Imperfect  crystal  c-axis  orientation  might  be  the  cause.  Therefore,  an 
alternate  film  crystallization  approach  was  tried:  an  in-situ  substrate  heater  was  used  during 
sputtering.  It  is  expected  that  this  will  ultimately  improve  the  crystallization  of  the  films. 
Recently,  a  substrate  heater  with  the  capability  of  heating  the  substrate  to  a  maximum 
temperature  above  9()0°C  was  successfully  insulled  in  our  Leybold  z-40Q  sputtering 
system.  An  initial  problem  was  bad  thermal  contact  between  the  substrate  and  heater  plate. 
This  was  solved  by  putting  silver  paste  on  back  of  the  substrate.  Sputtered  films  deposited 
onto  Si02/Si  substrates  at  a  temperature  of  8()0°C  were  crystallized  as  shown  by  x-ray 
diffraction  measurement  in  Fig.  21.  However,  the  spinel  Fe304  phase  with  (111)  direction 

perpendicular  to  the  film  plane  was  dominant.  This  indicates  that  oxygen  might  need  to  be 
mixed  into  the  sputtering  gas  to  reduce  the  amount  of  Fe2+  ions.  When  Ar/02  mixed 

sputtering  gas  was  used,  other  phases  appeared.  X-ray  fluoresence  measurements  showed 
that  the  barium  content  in  these  films  deposited  by  reactive  sputtering  was  significantly 
depleted.  This  is  believed  to  be  caused  by  re-sputtering  effects  due  to  the  reactive  sputtering 
gas.  Therefore,  the  barium  content  in  our  target  needs  to  be  further  increased. 

2.4  Conclusion 

Polycrystalline  barium  hexaferrite  thin  films  have  been  successfully  deposited  by  rf 
magnetron  sputtering  onto  inexpensive,  thermally  oxidized  silicon  substrates.  The  effects 
of  the  sputtering  conditions  on  the  composition,  crystal  structure  and  magnetic  properties 
have  been  determined.  Increasing  the  rf  power  decreases  the  quality  of  c-axis  texture  with 
little  effect  on  the  composition  of  the  deposited  films.  These  films  showed  increasing 
perpendiculai  coercivity  and  decreasing  magnetization  with  increasing  rf  power.  Increasing 
the  argon  pressure  had  similar  effects  of  reducing  the  c-axis  texture,  increasing  the 
coercivity  and  decreasing  the  magnetization.  However,  the  barium  content  increased  with 
increasing  argon  pressure. 
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The  low  Mj  value  of  our  initial  films  is  due  to  the  composition  deviation  from  its 
stoichiometry  and  poor  crystallization  of  the  initial  film  layer.  A  significant  increase  in  Mg 
was  achieved  by  using  a  new  target  with  composition  of  Baj  25Fei20i9.  The  low 
magnetocrystalline  anisotropy  is  believed  to  be  caused  by  the  imperfect  crystal  c-axis 
orientation.  An  'in-situ'  crystallization  approach  is  being  tried  to  solve  this  problem. 

The  films  deposited  at  20  watts  and  5  mTorr  argon  pressure,  possessed  the  best 
degree  of  c-axis  texture  peipendicular  to  the  film  surface  and  good  c-axis  orientation.  The 
well  textured  films  had  large  uniaxial  anisotropies  Hj-of  approximately  13  KOe.  These 

films  had  saturation  magnetization  values  ranging  from  320  to  350  emu/cc  and  large  room 
temperature  coercivities  ranging  from  1  KOe  to  3  KOe.  These  films  are  the  most  promising 
candidates  for  potential  applications. 

3.  Co-Ti  Substituted  Barium  Hexaferrite 

One  of  the  motivations  for  the  study  of  substituted  barium  hexaferrites  is  to  examine 
the  change  in  uniaxial  anisotropy,  from  about  18  KOe  for  pure  barium  hexaferrite  to  about 
zero  for  the  substitution  of  about  one  formula  unit  of  cobalt  ions  as  shown  in  Fig.  22a.  The 
magnetization,  however,  decreases  only  marginally,*^  as  shown  in  Fig.  22b.  Such  altering 
of  the  Q  value  (defined  as  results  in  a  wide  range  of  operating  frequencies  for  a 

microwave/millimeter  wave  device  fabricated  using  these  films.  Studies  of  Domain  Mode 
Ferromagnetic  Resonance  (DMFMR)  were  carried  out  on  this  class  of  materials. 

Growth  of  substituted  hexaferrites  pose  several  challenges  in  addition  to  the 
difficulties  associated  with  the  growth  of  pure  barium  ferrites.  For  example,  the  uniaxial 
anisotropy  is  a  very  sensitive  function  of  cobalt  substitution  and  hence  the  stoichiometry 
has  to  be  controlled  very  carefully.  This  in  turn  necessitates  a  careful  study  on  the  effect  of 
sputtering  parameters  on  the  resulting  stoichiometry. 

The  selection  of  a  suitable  substrate  is  even  more  of  a  problem  in  case  of  Co- 
hexaferrites.  Unlike  garnets,  (which  have  cubic  unit  cells  and  thus  only  one  dimension 
needs  to  be  matched  between  the  substrate  and  film)  hexaferrites  need  to  have  substrates 
that  are  matched  both  along  the  basal  dimension  and  along  the  hexagonal  dimension.  And, 
a  small  amount  of  substitution  tends  to  vary  the  lattice  constants  considerably  and  thus 
specific  substrates  need  to  be  found  for  specific  compositions.  Other  researchers  have  used 
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substrates  like  specially  tailored  spinels  and  hexagallates,  with  mixed  results.  Recently,  a 
novel  technique  was  proposed  by  Yuan  et  al"^,  where  the  authors  first  sputter-deposited  a 
thin  layer  (~0.2pm)  of  ferrite  on  a  suitable  substrate  and  then  annealed  the  sputtered  films 
to  achieve  reasonable  epitaxy.  TTie  sputtered  ferrite  layer  was  then  used  as  a  substrate  for 
subsequent  LPE  dipping.  This  technique  was  used  in  our  LPE  study,  and  sapphire  single 
crystal  was  chosen  as  the  substrate. 

3.1  Experimental  Procedures  and  Results 

The  rf  sputtering  was  done  using  a  Leybold  Z-400  sputtering  machine  and  the 
composition  of  the  target  used  was  BaCoi  oTij  oFe|oO|9.  Like  the  pure  barium  hexaferrite 

target,  this  too  was  a  sintered  oxide  target.  The  substrates  used  were  polished  sapphire  and 
thermally  oxidized  silicon  wafers.  The  composition  was  studied  as  a  function  of  sputtering 
parameters  such  as  rf  power,  argon  pressure,  DC  bias  voltage  and  partial  pressure  of  other 
gases  such  as  oxygen,  when  used.  The  resulting  film  compositions  were  determined  using 
an  x-ray  fluorescence  spectrometer  and  correlated  to  the  sputtering  parameters.  The 
variation  of  the  composition  with  respect  to  the  sputtering  parameters  is  shown  in  Figs.  23 
through  26.  It  was  found  that  changing  some  parameters  such  as  the  bias  voltage  can 
change  the  cobalt  content  in  the  film  by  as  much  as  1%. 

The  substituted  films  also  showed  a  remarkably  good  c-axis  texture  as  did  the  pure 
hexaferrites.  The  x-ray  diffraction  spectrum  of  a  typical  film  deposited  on  sapphire  at  25 
watts  and  at  5  mTorr  of  argon  pressure  is  shown  in  Fig.  27.  Parameters  such  as  rf  power 
affected  the  c-axis  orientation  of  the  annealed  film,  much  in  the  same  fashion  as  for  the 
unsubstituted  films. 

The  annealing  cycle  of  these  sputtered  films  was  studied  systematically.  The 
sputtered  films  were  annealed  by  introducing  them  slowly  into  a  furnace  and  holding  them 
at  the  annealing  temperature  for  a  suitable  period  of  time.  The  crystals  start  to  nucleate  at  a 
temperature  called  the  'nucleation  temperature',  which  is  around  8(X)°C  for  the  substituted 
hexaferrite  films  depending  on  the  composition.  The  nucleated  grains  start  to  grow  in  size 
at  a  higher  temperature  called  the  'growth  temperature'.  In  order  to  grow  large  sized  crystal 
grains,  we  must  nucleate  as  few  grains  as  possible  and  let  the  few  nucleated  grains  grow  in 
size.  Nucleation  of  a  small  number  of  grains  was  possible  by  quickly  introducing  the  film 
to  the  nucleation  temperature,  by  physically  lowering  it  down  a  vertical  furnace  through  a 
zone  at  the  nucleation  temperature.  Then  the  grains  are  enlarged  by  keeping  the  film  above 
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the  growth  temperature  (at  a  temperature  which  we  refer  to  as  the  annealing  temperature) 
for  a  sufficient  time.  It  was  determined  that  a  higher  annealing  temperature  (875  degrees 
compared  to  800  degrees  in  case  of  pure  barium  ferrite)  was  necessary  to  crystallize  the 
substituted  films. 

The  perpendicular  ferromagnetic  resonance  spectra  of  these  films  were  measured 
after  each  annealing  cycle.  Since  the  anisotropy  fields  of  these  films  were  smaller  than  pure 
hexaferrites,  (on  the  order  of  1500  Oe)  perpendicular  FMR  signals  were  obtained  at 
frequencies  as  low  as  4  MHz  using  a  mini-box  FMR  apparatus.  This  is  the  first  time  such 
low  frequency  FMR  signals  have  been  observed  in  hexaferrites.  A  typical  signal  is  shown 
in  Fig.  28  and  a  series  of  signals  corresponding  to  a  few  frequencies  are  shown  in  Fig.  29. 
The  FMR  linewidth,  which  is  related  to  the  device  losses,  is  required  to  be  small.  The 
extrinsic  part  of  the  FMR  linewidth  is  in  part  due  to  the  grain  size  of  the  polycrystalline 
films.  The  grain  size  in  turn  is  affected  by  the  annealing  process.  The  effect  of  grain  size  on 
the  ferromagnetic  resonance  linewidth  can  be  seen  by  examining  the  FMR  spectra  taken 
after  each  annealing  temperature.  The  narrowing  of  the  FMR  linewidth  after  repeated 
annealing  is  shown  in  Fig.  30.  The  FMR  linewidths  in  these  polycrystalline  substituted 
hexaferrites  are  about  200  Oe. 


3.2  LPE  of  hexaferrites 

We  also  attempted  to  grow  single  crystal  ferrite  thin  films  using  the  modified  LPE 
technique.  As  a  first  step,  we  only  looked  into  the  simplest  system,  namely  the  pure  barium 
hexaferrite.  Sputtered  pure  barium  ferrites  on  single  crystal  sapphire,  thermally  oxidized 
silicon  and  glass  were  used  as  seed  crystals.  Two  melt  systems,  one  based  on  bismuth 
oxide  and  another  melt  based  on  boron  oxide/barium  carbonate  were  developed.  While  the 
bismuth  oxide  based  melt  attacked  the  substrate  and  the  sputtered  film,  the  boron  oxide 
based  melt  seemed  promising.  In  the  latter  melt,  barium  carbonate  (which  plays  the  dual 
role  of  film  and  flux  constituent)  was  used  instead  of  barium  oxide  due  to  its  lower  melting 
point.  Additional  problems  arose  when  the  melt  went  into  solution,  because  the  carbonate 
decomposed  into  oxide  releasing  carbon  dioxide,  which  caused  the  melt  to  splatter.  A 
barium  temperature  tried  was  around  930  degrees,  which  was  much  higher  than  the  typical 
garnet  growth  temperatures.  At  higher  temperatures,  the  sputtered  seed  film  decomposed 
and  at  lower  growth  temperatures,  poorer  quality  films  resulted.  The  melt  had  the  following 
nominal  composition: 
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BaC03 

351.10  gms 

B2O3 

70.75  gms 

Fe203 

84.41  gms 

The  LPE  films,  under  the  best  of  conditions,  were  not  as  good  as  sputtered  films. 
Our  biggest  problems  were  (I)  presence  of  other  phases  in  the  LPE  films  (2)  very  high 
growth  rates,  resulting  in  poor  quality  films  and  (3)  flux  adhesion.  The  thick  films  tended 
to  peel  off  (together  with  the  sputtered  film).  Some  pieces  of  these  peeled  films  were  used 
to  characterize  the  LPE  growth.  The  films  were  usually  over  100  microns  thick  for  typical 
growth  times  of  a  few  minutes  and  typically  only  about  a  third  of  this  was  magnetic.  This 
was  also  confirmed  by  x-ray  fluorescence  data,  where  it  was  found  that  nearly  70%  of  the 
composition  was  due  to  barium  oxide.  Although  dilute  nitric  acid  has  been  reported  in  the 
literature  as  an  agent  to  remove  flux,  we  found  it  ineffective.  TTie  magnetic  moment  of  one 
such  piece  was  measured  using  a  vibrating  sample  magnetometer  (Fig.  31)  and  was  found 
to  be  about  ten  times  smaller  than  that  of  a  typical  barium  hexaferrite  film.  This  was  further 
evidence  of  the  presence  of  non-magnetic  phases. 

3.3  Discussion  of  LPE  of  hexaferrites 

Although  methods  described  in  the  literature  were  followed,  attempts  to  grow  high 
quality  films  by  LPE  were  not  successful.  One  major  difference  between  our  technique  and 
the  one  we  had  been  attempting  to  duplicate  was  that  the  substrate  was  heated  to  a  high 
temperature  during  sputtering  in  the  case  of  Yuan  et  al.  This  provision  to  heat  the  substrate 
was  recently  installed  in  our  Z-400  sputtering  system.  Substrate  heating  results  in  ‘in  situ’ 
crystallization,  which  in  turn  produces  better  c-axis  texture. 

The  role  of  grain  size  of  the  sputtered  film  in  the  subsequent  LPE  growth  is  not 
understood  at  present.  While  Yuan  et  al  had  described  getting  large  grain  sizes,  some  other 
researchers  hold  the  opinion  that  even  submicron  sized  grains  can  be  suitable  seeds,  if  the 
c-axis  texture  is  excellent. 

3.4  Conclusion 

Sputter-deposition  of  substituted  barium  hexaferrites  was  studied  extensively  and  it 
was  found  that  good  quality  sputtered  films  can  be  fabricated  with  suitable  magnetic 
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properties.  However,  the  deposition  rate  of  sputtered  films  is  low  and,  techniques  such  as 
LPE  would  be  desirable  to  produce  thicker  films.  Initial  experiments  with  LPE  have  not 
been  promising.  Perfect  c-axis  orientation  of  the  thin  ferrite  underlayer  is  desirable.  Future 
studies  of  'in-situ'  crystallization  processes  during  sputtering  appear  to  hold  promise  for 
producing  improved  ferrite  layers. 
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Figure  5:  Rocking  curve  measurements  for  films  deposited  at  different  rf  powers. 
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Figure  6:  Barium  content  as  a  function  of  rf  power. 
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figure  7:  Effective  perpendicular  anisotropy  constant  as  a  function  of  rf  power. 
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Figure  8;  Saturation  magnetization  as  a  function  of  rf  power. 
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Figure  9:  Perpendicular  cocrcivity  as  a  function  of  rf  power. 
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Figure  II:  Changes  in  the  barium  content  with  argon  pressure. 
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Figure  12  :  Changes  in  the  effective  anisotropy  constant  with  argon  pressure 
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Figure  IS:  Saturation  magnetization  as  a  function  of  film  thickness 
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Figure  16:  Crystal  anisotropy  as  a  function  of  film  thickness 
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Figure  17:  Film  density  as  a  function  of  film  thickness 
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Figure  18:  Film  composition  for  various  film  tliicknc.ss 
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Figure  20:  Barium  Icrrite  phase  diagram  after  Hellwcgc 
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Figure  22:  (a)  Dependence  of  uniaxial  anisotropy  field.  H|^  and  (b)  saturation  magnetization  on 

composition  in  cobalt  substituted  hexaferrites. 
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Figure  23:  Co,  Ti  content  vs  sputtering  RF  power 
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Figure  24:  Co,  Ti  content  vs  argon  pressure. 
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Figure  25:  Co,  Ti  content  vs  bias  voltage. 
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Ti  -  Co  Content  vs  Partial  Fraction  of  Oxygen 


Figure  26:  Co,  Ti  content  vs  partial  fraction  of  oxygen. 
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spectra  for  Co-Ti  barium  hexaferrite  at  vari 
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Figure  31:  Magnetization  curve  /or  a  3  mm  X  5  mm  Ferrite  specimen  grown  by  LPB. 
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Abstract 

Bismuth-doped  lutetium  iron  garnet  thin  films  for  the  magnetostatic  wave 
{MSW)-optical  mode  interaction  were  grown  on  paramagnetic  gadolinium  gallium 
garnet  substrates  from  a  PbO-based  flux  with  varying  amounts  of  MgO  added.  The 
ferromagnetic  resonance  (FMR)  linewidth,  optical  waveguide  absorption  at  1320  nm 
wavelength,  and  magnetostatic  wave  passband  were  measured.  The  addition  of 
magnesium  drastically  reduced  the  FMR  linewidth,  which  reflects  on  the  ability  to  excite 
magnetostatic  waves  in  the  film,  as  the  divalent  magnesium  ion  replaces  the  Pb2+  ion 
and  charge  compensates  the  Pb4+  ion.  The  optical  absorption  is  only  slightly 
increased  due  to  creation  of  Fe^+  ions  to  compensate  for  the  Mg2+.  The  direct 
measurement  of  MSW  passband  showed  a  slight  improvement  in  insertion  Iocs  at  a 
low  value  of  MgO  doping,  but  it  is  still  high  and  the  passband  shape  is  distorted.  The 
higher  than  desired  insertion  loss  is  believed  to  occur  as  a  result  of  inhomogeneities 
present  in  the  films.  The  presence  of  inhomogeneities  was  confirmed  by  measured 
variations  in  absolute  FMR  resonance  field  across  the  wafer.  However,  if,  as 
postulated,  the  MSW-optical  interaction  occurs  close  to  the  MSW  launching  antennas, 
the  high  insertion  loss  will  not  seriously  degrade  MSW-optical  conversion  efficiency. 

By  incorporating  Na20  in  the  melt,  it  was  shown  to  be  possible  to  allow  an  adjustment 

of  uniaxial  anisotropy  with  subsequent  annealing.  Uniaxial  anisotropy  is  an  important 
parameter  for  the  MSW-optical  interaction. 

These  improvements  coupled  with  future  refinements  of  the  growth  techniques  to 


109 


ensure  homogeneity  of  the  film  composition  suggest  the  potential  for  this  material's 
applicability  to  magnetooptic  signal  processing  devices  based  on  the  magnetostatic 
wave-optical  mode  interaction. 


4r 


no 


1.  Introduction 

Single  crystal  garnet  thin  films  have  been  shown  to  be  a  good  material  for  optical 
waveguides  and  devices  [1].  Under  certain  conditions,  microwave  frequency 
magnetostatic  waves  can  Interact  with  the  optical  guided  mode  in  these  films,  allowing 
optical  modulation  at  microwave  frequencies  to  be  possible  [2-5].  This  modulation  can 
be  used  to  realize  communications  and  signal  processing  devices,  and  with  better 
properties  than  acousto-optic  or  electrooptic  modulators  in  some  cases  [6]. 

Applications  for  the  MSW-optical  mode  Interaction  exploit  this  modulation  of  the 
optical  mode  at  the  high  microwave  frequencies  of  the  magnetostatic  wave.  Both 
optical  and  microwave  device  possibilities  can  be  envisioned.  In  the  optical  domain, 
the  primary  application  would  be  modulation  of  the  optical  signal  through  the  • 
waveguide  at  microwave  frequencies,  encoding  microwave  frequency  density 
information  on  an  optical  carrier  [2,3].  This  could  be  extended  to  the  digital  regime, 
using  the  interaction  as  a  switch,  capable  of  up  to  gigahertz  range  speeds.  The  optical 
mode  itself  can  also  be  shifted  in  frequency,  allowing  fine  tuning  of  the  light  wave  [7]. 
Filtering  would  be  another  area  of  application  for  this  technology,  as  the  band  of  the 
filter  could  be  easily  and  quickly  tunable  by  the  administration  of  the  magnetostatic 
wave  [8]. 

The  microwave  domain  would  benefit  from  maturation  of  this  technology  also,  as 
specific  optical  modes  could  be  used  to  analyze  the  spectrum  of  a  conglomerate 
microwave  signal  [9].  Filtering  could  also  be  done. 


The  basic  component  upon  which  these  applications  are  based  is  the  optical 
mode  converter.  This  device  may  also  be  used  to  measure  the  efficiency  of  the 
interaction  (4,5,1 0].  In  the  absence  of  the  magnetostatic  wave,  the  k-vectors  of  the  two 
orthogonally-polarized  optical  modes  are  sufficiently  different  to  prevent  efficient  mode 
conversion.  The  interaction  of  the  magnetostatic  wave  and  the  incident  optical  mode 
results  in  the  algebraic  addition  of  the  k-vector  of  the  magnetostatic  wave  to  that  of  the 
optical  mode.  The  k-vector  addition  is  sufficient  to  bridge  the  small  k-vector  gap 
between  the  two  polarizations.  This  results  In  the  Input  polarization  of  the  optical 
mode  being  converted  to  the  other  polarization  at  the  output. 

These  devices  require  the  garnet  film  material  to  exhibit  properties  suitable  for 
the  propagation  of  both  microwave-frequency  MSWs  as  well  as  optical  laser  modes. 
The  optimal  parameters  for  the  two  regimes  may  be  quite  different,  as  with  filrn, 
thickness,  or  difficult  to  obtain  together,  as  with  high  Faraday  rotation  and  low  optical 
absorption.  This  requires  compromise  in  the  grown  film  which  degrades  efficiency  of 
the  interaction.  Future  studies  might  incorporate  a  multi-layer  format,  with  one  layer 
optimized  for  microwave-MSW  properties  and  another  for  optical  waveguiding.  It  has 
been  shown  theoretically  that  the  MSW-optical  mode  interaction  could  take  place  with 
maximum  efficiency  in  such  a  heterostructure  format  (6]. 

The  garnet  material  system  is  also  promising  for  other  device  applications 
exploiting  the  magnetooptic  effect.  The  possibility  for  other  devices  has  been 
demonstrated,  including  a  temperature-independent  optical  isolator,  useful  for 
eliminating  feedback  from  laser  optical  systems.  This  device  was  realized  from  a 
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bismuth-lutetium-gadolinium:  bismuth-gadolinium  iron  garnet  composite  film  [11].  A 
novel  magneto-optical  wheel  rotation  rate  sensor  was  fabricated  from  a 
bismuth-doped,  multi-rare  earth,  silicon-doped  Iron  garnet  [12].  The  magnetooptic 
properties  also  can  lend  themselves  to  the  realization  of  printing  or  display  devices, 
with  small  pixels  of  the  material  at  different  polarizations,  changeable  with  laser  light 
[13,14]. 

The  first  garnet  studied  with  regard  to  the  MSW-optical  mode  interaction  was 
yttrium  iron  garnet,  V3Fe50i2.  also  called  YIG  [2].  Certain  problems  arise  in  the  use 
of  pure  YIG  with  the  interaction.  The  fairly  low  magnetooptic  effect,  for  example,  In  the 
form  of  Faraday  rotation,  degrades  the  efficiency  of  the  interaction.  Luckily  the  garnet 
system  is  well  suited  to  fine  tuning  properties  by  way  of  varying  composition  [15].  The 
rare  earth  elements  prove  to  be  ideal  for  substitution  into  the  crystal  sites  usualiy 
occupied  by  the  yttrium.  Bismuth  can  also  substitute  into  these  sites  [16].  Bismuth  is 
used  to  drastically  increase  the  Faraday  effect,  and  lutetium,  with  its  smaller  atomic 
size,  can  balance  out  the  lattice  mismatch  that  occurs  with  simple  bismuth  doped  YIG 
[17]. 

The  single  crystal  garnet  thin  films  are  grown  by  liquid  phase  epitaxy  (LPE)  [18]. 
A  transparent,  paramagnetic  garnet  substrate,  gadolinium  gallium  garnet,  is  used  as  it 
has  a  very  good  lattice  match  to  the  rest  of  the  system  [19].  The  substrate  is  dipped 
into  the  heated,  though  supersaturated,  solution  of  the  garnet  component  oxides  in  a 
flux,  and  the  film  grows  [20].  YIG  is  usually  grown  from  a  lead  oxide-based  flux,  but 
problems  such  as  increased  optical  absorption  arise  from  lead  substitution  into  the 
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films  [21].  Experimental  work  has  been  done  by  other  researchers  with  a  bismuth 
oxide-only  flux  to  eliminate  some  of  the  lead  substitution  problems  [5.  22].  Difficulties 
with  this  system  include  high  melt  viscosity  [23].  Sodium  addition  is  suggested  to 
eliminate  the  problem  [24].  However,  in  earlier  work  at  CMU,  lingering  viscosity 
difficulties  degrading  the  surface,  prohibitively  high  optical  attenuation  in  the  films 
grown,  and  a  greater  dependence  on  temperature  accuracies  for  the  bismuth  oxide 
flux  pointed  back  to  the  original  PbO-based  flux  system. 

Magnesium  oxide  (MgO)  was  used  by  Tamada.  et.  al.  as  a  dopant  of  the 
bismuth-only  melt  to  improve  both  optical  and  magnetostatic  wave  attenuation  in  the 
waveguide  [5].  Also,  Nelson  and  Harvey  have  shown  that  magnesium  can  reduce  the 
optical  transmission  attenuation  of  BiLu  Iron  garnets  grown  from  PbO-based  melts 
perpendicular  to  the  film  [25],  but  the  MSW-optical  interaction  requires  examination  of 
attenuation  in  the  film  as  a  waveguide. 

In  this  study  it  is  shown  that  the  FMR  linewidth  reduction  from  MgO  can  be 
achieved  in  the  PbO-based  melt,  witf.out  significant  increase  in  optical  absorption. 
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2.  Thin  Film  Garnets 

2.1.  Garnet  Material  System 

The  base  crystal  system  for  the  single  crystal  garnet  technology  is  yttrium  Iron 
garnet,  or  YIG  [15].  The  garnet  is  characterized  by  a  complex,  but  basically  cubic, 
crystal  structure  with  three  main  lattice  site  categories  plus  oxygen  atoms  (See  Figure 
1 ).  In  the  YIG  system,  the  dodecahedral  sites,  or  c*sites,  are  occupied  by  the  yttrium  ion 
with  a  valence  of  +3.  For  more  complex  garnets  it  is  these  sites  that  contain  the  rare 
earth  or  bismuth  ions.  There  are  three  dodecahedral  sites  per  formula  unit,  and  each 
site  is  surrounded  by  eight  oxygen  atoms.  The  octahedral  and  tetrahedral  sites  are 
both  occupied  by  iron  ions,  also  with  +3  valence.  There  are  2  octahedral  sites, 
surrounded  by  6  oxygen  atoms,  and  3  tetrahedral  sites,  surrounded  by  4  oxygen  atoms, 
resulting  in  a  total  of  5  iron  sites  per  formula  unit.  Nonmagnetic  ions  such  as  GaS'*'  can 
also  be  substituted  into  these  sites  to  dilute  the  saturation  magnetization.  This  is 
undesirable  in  the  application  to  the  MSW-optical  interaction,  and  so  only  iron  atoms 
are  required  here. 

The  yttrium  ion  is  nonmagnetic,  as  is  lutetium,  due  to  filled  outer  electron  shells. 
Bismuth  is  also  nonmagnetic  [16].  This  results  in  the  iron  ions  being  the  only 
contributor  to  the  magnetization  of  these  films.  The  two  iron  sublattices,  the  2 
octahedral  and  3  tetrahedral  sites,  oppose  each  other  in  magnetization  due  to 
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Figure  1 .  Diagram  of  lattice  sites  in  garnet  crystal  structure.  (From 
Eschenfelder  [7].) 
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magnetic  interaction,  so  the  net  result  is  the  magnetization  of  one  iron  ion.  The 
substrate  used  in  these  experiments  is  the  paramagnet  gadolinium  gallium  garnet 

(GGG),  Gd3Ga50-|2.  which  has  gallium  completely  replacing  the  iron. 

Lattice  spacing  is  important  in  the  growth  of  garnet  thin  films,  as  improper 
matching  of  film  to  substrate  can  result  in  cracking  as  well  as  other  effects.  The  lattice 
constant  for  the  GGG  substrate  is  1 2.383  A.  Pure  YIG  is  very  close  to  this,  and  so 
results  in  a  good  lattice  match.  The  substitution  of  bismuth  into  the  dodecahedral  site 
changes  this,  however.  The  bismuth  ion  is  much  larger  than  the  yttrium.  If  the  bismuth 
were  to  completely  substitute  for  the  yttrium,  the  resulting  lattice  constant  would  be 
1 2.621  A.  It  is  for  this  reason  that  the  rare  earth  lutetium  is  used  [1 7].  Pure  LulG  has  a 
lattice  constant  of  12.283  A.  Interpolation  does  not  result  In  significant  error,  and  so  the 
correct  ratio  of  bismuth  to  lutetium  can  be  found  for  lattice  match.  In  the  following 
expression  for  lattice  mismatch, 

Aa  12. 383-[(12. 621-12. 283)x +12.283] 
a  “  12.383 

setting  the  mismatch  Aa/a  equal  to  zero  yields  a  Bi/Lu  ratio  of  .295.  This  value 
multiplied  by  the  3  dodecahedral  sites  per  formula  unit  yields  a  final  stoichiometric 

representation  of  BiLulG  as  Bio.89Lu2.iiFe50i2-  ^or  lattice  match  [13]. 

The  resultant  increase  in  Faraday  rotation  with  increasing  bismuth  content  may 
be  explained  by  a  diamagnetic  transition.  This  transition  is  an  electron  transition 
between  energy  levels.  The  upper  energy  level  exhibits  a  degeneracy  into  three 
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separate  levels.  The  two  different  possible  incident  polarizations  of  light  result  in 
excitation  from  the  ground  state  to  two  different  energy  levels  of  the  degeneracy.  The 
difference  manifests  in  a  large  changing  response  of  two  elements  of  the  permittivity 
tensor,  at  a  certain  frequency  corresponding  to  the  energy  gap  of  the  transition. 

However,  the  increase  in  magnetooptic  effect  may  not  be  fully  accounted  for  by 
the  intrinsic  bismuth  transitions.  It  has  been  found  that  the  bismuth  ion  also  affects  the 
trivalent  iron  transitions,  on  both  the  octahedral  and  tetrahedral  sublattices.  Bismuth 
increases  the  intensity  of  these  paired  transitions  through  the  superexchange  between 
the  iron  ions  on  the  opposite  sublattices,  and  also  results  in  a  split  excited  state,  adding 
to  the  magnetooptic  response.  These  two  mechanisms  account  for  most  of  the  noted 
increase  in  the  magnetooptic  effect,  but  there  are  also  additional  smaller  contributors 
[16]. 


2.2.  Growth 


The  standard  growth  technique  for  thin  films  of  garnet  is  liquid  phase  epitaxy 
(LPE).  This  technique  allows  the  growth  of  single  crystal  thin  films  with  a  wide 
variation  of  properties  [18].  The  basic  method  employed  is  horizontal  dipping  [19],  with 
other  orientations  also  possible  [20].  The  substrate  is  immersed  in  a  high-temperature 
supersaturated  melt  of  the  garnet  components  in  a  flux.  The  substrate  acts  as  a  seed 
crystal,  and  the  garnet  constituents  crystallize  on  the  wafer  surface. 

The  substrate  is  a  paramagnetic,  transparent,  Gd3Ga50-|2  single  crystal,  grown 
by  the  Czochralski  method  of  pulling  and  rotating  a  seed  crystal  from  a  melt  of  the 
crystal  components,  resulting  in  long  round  boules.  Wafers  are  then  cut  from  the 
boules  and  highly  polished. 

The  dipping  technique  Involves  the  substrate  wafer  being  suspended  from  a 
platinum  three-pronged  holder  horizontally.  The  holder  is  attached  to  a  vertical 

alumina  (AI2O3)  rod  which  is  inserted  into  the  tube  of  the  furnace.  The  furnace 
consists  of  a  platinum-rhodium  wire  wrapped  around  an  alumina  core  cylinder.  The 
wire  winding  is  divided  into  three  zones,  with  the  current  into  each  zone  controlled  by 
a  separate  temperature  controller,  monitored  by  a  separate,  platinum;10% 
rhodium-platinum  thermocouple.  Inside  the  cylinder  is  another  smaller  cylindrical 
pedestal  upon  which  rests  the  platinum  crucible  containing  the  melt  component 
oxides.  There  is  another  thermocouple  under  the  pedestal  to  measure  the 
temperature  right  at  the  melt  crucible.  The  powder  oxides  are  measured  into  the 
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crucible  and  then  placed  inside  the  furnace  and  heated  past  the  saturation 
temperature  of  the  garnet  component  oxides  In  solution  in  the  flux. 

The  standard  flux  for  the  YIG  system  is  a  lead  oxide-boron  ttioxide  (Pb0-B203) 


mixture.  These  oxides  melt  at  a  reachable  temperature,  as  low  as  700°C  depending 
on  composition,  and  the  other  garnet  components  dissolve  in  the  melted  flux. 
Conventionally,  the  flux  composition  is  described  by  R-ratios  which  correspond  to 
different  ratios  of  important  components.  These  have  been  experimentally  determined 
to  be  important  by  Blank  and  Nielsen  [20].  For  the  PbO-based  flux  used  here,  the 


In  addition,  the  ratio  of  PbO  to  Bi203  is  important. 

For  this  study,  the  following  R-ratios  were  suggested  by  Dr.  D.  Gualtieri  at  Allied 
Signal:  Ri=20,  R3=14.4,  R4=0.17,  R6=0,  and  Pb/Bi=1.5.  One  film  was  grown  from  this 
melt  composition  at  Allied  Signal  and  sent  to  CMU  for  analysis  [26].  Films  were  then 
grown  at  CMU  with  R5  varying  from  1%  to  3%. 


Experimental  work  has  been  done  with  a  different  flux  system  using  Bi203  only 
as  the  primary  flux  [5,23].  Films  grown  at  CMU.  following  a  previously  reported 
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lead-free  flux,  have  been  unsuccessful  due  to  extremely  high  viscosity  of  the  melt  at 
the  low  temperatures  required  to  obtain  sufficient  bismuth  incorporation  for  lattice 
match.  The  viscous  flux  would  adhere  to  the  film  upon  removal  from  the  melt,  and 
cause  further  growth  at  the  locations  of  the  adhered  droplets.  The  addition  of  sodium 

carbonate  to  the  flux,  a  precursor  of  sodium  oxide,  Na20,  was  attempted  in  order  to 

reduce  the  flux  viscosity  and  the  subsequent  flux  adhesion  to  the  newly  grown  film. 

The  sodium  reduced  the  viscosity  somewhat,  but  small  crystallites  and  other  impurities 
remained  in  the  films.  This  caused  problems  for  optical  waveguiding,  contributing  to 
difficulty  of  prism  coupling  as  well  as  high  optical  absorption.  A  study  of  the  effects  of 
the  sodium  incorporation  into  the  films  on  the  magnetic  and  magnetooptic  properties 
was  performed  as  a  result  of  this,  and  showed  no  adverse  effects  [27],  so  sodium  was 
used  in  the  lead  oxide-based  melt  to  help  lower  the  viscosity  in  that  system  at  low 
growth  temperatures. 

The  flux  oxides  were  measured  to  produce  a  300  gram  melt,  which 
approximately  fills  the  platinum  crucible  one  third  of  the  way  to  the  top  when  melted. 
The  oxides  are  originally  in  powder  form,  however,  and  therefore  must  be  compressed 
in  some  way.  Other  studies  have  used  several  melting  times;  heating  up  and  cooling 
down  the  crucible  with  a  fraction  of  the  total  oxides  added  to  the  crucible  each  time. 
However,  the  repeated  heating  and  cooling  can  cause  inhomogeneities  in  the  melt, 
and  so  in  this  study  all  of  the  oxide  was  placed  in  the  crucible  at  the  same  time,  using  a 
mortar  to  press  in  the  components.  The  melt  was  scaled  down  to  allow  all  the  oxide  to 


fit  in  at  once. 
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The  crucible  was  covered  with  a  platinum  lid,  and  the  oxides  in  the  crucible  were 
then  heated  to  940°C  in  the  furnace  and  held  there  for  24  hours.  The  melt  was  then 
uncovered  and  stirred,  using  the  three-pronged  substrate  holder  with  the  ends  bent 
horizontally,  at  1 00  RPM  for  three  hours.  The  melt  was  then  ready  for  growth;  there 
were  no  separate  phases  or  impurities  visible  on  top  of  the  melt. 

Before  growth,  the  substrate  wafer  is  mounted  in  the  platinum  holder.  The 
combination  is  soaked  clean  in  a  heated  soap  solution  for  20  minutes  and  then  in 
heated  deionized  water  for  20  minutes.  Then  the  substrate  is  placed  in  an  ultrasonic 
bath  for  1  minute  to  further  remove  any  impurities,  holder  and  wafer  are  then 
mounted  on  the  alumina  rod  suspended  from  a  rack  which  rotates  as  well  as  inserts 
the  rod  into  the  furnace  and  the  melt. 

During  substrate  cleaning,  the  melt  is  lowered  to  the  growth  temperature.  Care 
is  taken  to  assure  that  the  melt  is  not  below  saturation  for  more  than  about  an  hour. 
Otherwise,  separate  phases,  growth  of  tiny  crystallites,  or  other  inhomogeneities  could 
occur.  When  the  wafer  is  clean  and  the  furnace  is  at  the  growth  temperature,  the 
substrate  is  lowered  into  the  furnace  slowly  so  as  to  reduce  thermal  stresses  on  the 
substrate  and  the  rod.  The  substrate  is  held  immediately  above  the  melt  for  five 
minutes  in  order  to  preheat  the  wafer  to  the  exact  growth  temperature.  Longer 
preheating  times  can  result  in  condensation  of  lead  oxide  vapor  on  the  substrate  and 
degradation  of  the  film  quality.  After  the  substrate  is  preheated,  growth  is  commenced. 
Rotation  of  the  substrate  at  50  RPM  is  started,  and  the  wafer  is  lowered  into  the  melt. 
Upon  submersion,  the  start  time  is  noted.  Faster  rotation  rates  resulted  in  surface 
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marks  on  the  grown  films  resembling  outward  spiralling  scratches. 

Slightly  before  the  end  of  the  growth  time,  the  holder  is  raised  from  the  melt  to 
ensure  complete  clearance  from  the  melt  in  time.  The  rotation  rate  is  then  ramped  up 
to  800  RPM  and  then  braked  immediately  to  0  RPM  to  spin  off  any  excess  flux  from  the 
wafer,  as  there  will  be  further  growth  under  any  droplets  of  flux.  The  holder  is  again 
slowly  raised  to  prevent  thermal  shock.  Once  the  holder  is  removed  from  the  rod  it  is 
placed  in  a  warm  mixture  of  50%  each  nitric  and  acetic  acids.  It  is  left  in  the  heated 
acid  for  several  hours  in  order  to  remove  all  remaining  flux  from  the  film.  The  wafer  is 
then  carefully  removed  from  the  holder  and  washed  off  in  deionized  water  and  blown 
dry  with  compressed  nitrogen.  The  films  grown  showed  a  desirable  mirror-like  finish, 
but  slight  surface  features  could  be  seen,  possibly  indicating  very  small  thickness 
variations  resulting  from  flux  adhesion. 

Two  melts  were  prepared  at  an  Rg  value,  representing  MgO  content,  of  2%,  and 
one  melt  each  was  prepared  at  1%  and  3%.  Five  films  were  grown  from  each  melt,  at 
varying  growth  temperatures.  In  addition,  one  film,  which  was  prepared  by  Dr.  D. 
Gualtieri  at  Allied  Signal  from  the  equivalent  melt  but  with  no  MgO  added,  was 
compared  with  the  other  films. 

Growth  temperature  affects  many  of  the  properties  of  the  film.  For  example,  and 
of  interest  here,  the  film  thickness  and  also  bismuth  content  are  both  directly  related  to 
the  amount  of  supercooling,  that  is,  the  difference  between  growth  temperature  and 
saturation  temperature  [21].  Saturation  temperature  therefore  yields  zero  epitaxial 
growth,  as  there  is  no  excess  of  solutes  to  crystallize  on  the  substrate.  The  growth  rate 


and  bismuth  content  versus  temperature  are  shown  in  Figure  2. 

The  growth  rates  for  the  MgO  doped  melts  are  lower,  as  Mg  acts  as  a  growth 
inhibitor.  The  incorporation  into  the  dodecahedral  sites  by  trivalent  ions  is  the  driving 
factor  for  the  growth  rate.  The  divalent  Mg  ion  also  inserts  into  these  sites,  and  so 
charge  compensation  must  occur  by  causing  Fe'^+  ions  to  form.  This  is  a  slower 
process  as  the  compensating  Fe^^  ions  are  not  as  readily  available  in  the  melt  [28]. 
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Figure  2a.  Growth  rate  versus  growth  temperature 

for  varying  values  of  MgO  content  R  . 
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Growth  temperature  (°C) 


Figure  2b.  Bismuth  content  versus  growth  temperature 
for  varying  values  of  MgO  content  R^, 
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2.3.  Effect  of  Sodium  Doping 

To  eliminate  the  effects  of  lead  substitution,  an  experimental  lead-free  melt,  with 
bismuth  oxide  only  as  the  flux,  has  been  used  to  grow  bismuth-substituted  lutetium 
iron  garnet  thin  films.  At  the  low  growth  temperature  required  for  the  incorporation  of 
necessary  amounts  of  bismuth  for  a  significant  Faraday  rotation  value,  this  melt  is 

highly  viscous  and  flux  adhesion  impairs  the  surface  morphology  of  the  films.  Na20  is 
suggested  for  use  in  decreasing  this  viscosity  and  therefore  promoting  flux  removal  in 
the  LPE  growth.  A  study  was  performed  at  CMU  with  the  assistance  of  Dr.  Devlin 
Gualtieri  of  Allied  Signal  Corporation  and  Dr.  Mahadevan  Ramesh. 

BiLulG  films  previously  grown  from  the  lead-free  melt  with  Na20  had  a  more 
negative  uniaxial  anisotropy  than  those  grown  without  sodium.  This  may  be 
attributable  to  a  growth  induced  anisotropy.  However,  growth  induced  anisotropy  is 
also  a  function  of  bismuth  content  in  these  films.  To  isolate  the  effect  of  sodium  on  the 
growth  induced  anisotropy  in  garnet  films,  YIG  was  chosen  as  a  model  system, 
eliminating  the  Bi  variable. 

YIG  layers  were  grown  at  Allied  Signal  on  standard  GGG  substrates  from  a 
standard  Pb0/B2O3  flux.  Sodium  substitution  was  accomplished  by  addition  of 

Na2C03,  a  precursor  to  Na20,  in  the  same  molar  concentration  as  B2O3,  and  the 
other  solutes  were  then  adjusted  to  achieve  epitaxy  in  the  same  temperature  range. 
Na:YIG  films  were  also  prepared  at  a  lower  temperature  range  to  encourage  sodium 
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incorporation  into  the  lattice. 

Anisotropy  field  was  measured  using  standard  FMR  techniques  by  sweeping  the 
applied  magnetic  field,  noting  the  resonance  field  for  five  different  microwave 
frequencies  from  6  to  10  GHz,  and  averaging. 

The  controlled  YIG  measurements  of  uniaxial  anisotropy  field  are  shown  in 
Figure  3.  To  examine  the  stability  of  the  noted  change  in  anisotropy  field,  the  films 
underwent  an  annealing  process.  The  YIG  films  were  annealed  at  970  ®C  for  4  hours 
and  the  anisotropy  measurements  were  repeated.  The  samples  grown  with  sodium  at 
the  same  temperature  as  the  pure  YIG  exhibit  a  slightly  more  negative  anisotropy  field, 
while  those  grown  at  the  lower  temperature  to  encourage  Na  substitution  show  a 
significantly  lower  value.  The  anneal  revealed  that  the  uniaxial  anisotropy  field 
increased  back  to  approximately  zero. 

The  Faraday  rotation,  lattice  match,  and  microwave  passband  measurements  all 
revealed  no  appreciable  effect  of  sodium  incorporation. 

This  shows  that  the  uniaxial  anisotropy  field  can  be  affected  significantly  without 
appreciable  effect  on  either  microwave  losses  or  the  strength  of  the  MSW-optical 
interaction. 

See  Reference  [27]  for  complete  details  of  the  study  of  the  effect  of  sodium. 


Hk  (Oe) 
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□  before  anneal 
■  after  anneal 


Figure  3.  Uniaxial  anisotropy  field  Hk  versus  sodium  content. 
Low  temperature  Na:YIG  contains  a  greater  amount  of  sodium. 
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3.  Characterization 

The  grown  films  were  characterized  for  several  properties,  including  thickness, 
bismuth  content,  optical  loss,  refractive  index.  FMR  linewidth,  and  MSW  insertion  loss. 
These  properties  are  summarized  in  Table  1  and  discussed  in  the  sections  below. 

3.1.  Composition,  Mismatch,  Thickness,  and  Faraday  Rotation 

Each  of  the  grown  films  was  analyzed  by  x-ray  fluorescence  to  determine  film 
composition.  The  film  is  bombarded  with  an  x-ray  beam,  and  each  component  element 
in  the  film  will  fluoresce,  or  re-radiate  x-rays,  with  a  given  energy  profile.  The  system  is 
calibrated  with  pure  element  oxides  initially,  to  have  an  exact  spectrum  with  tha  given 
conditions  for  that  element.  With  the  film  under  test,  each  element  will  then  emit  x-rays 
with  the  given  energy  profile,  but  in  varying  rates  over  time  commensurate  with  the 
proportion  of  elements  in  the  film.  As  certain  spectrum  profiles  will  overlap,  a 
regression  curve  fitting  algorithm  is  performed  on  the  results,  and  a  weight  percentage 
for  each  element  is  obtained.  With  knowledge  of  the  atomic  weight  of  each  component 
element,  the  molar  percentage,  and  therefore  the  stoichiometry,  of  the  film  is  acquired. 

A  measurement  for  lattice  match  was  made  by  x-ray  diffraction,  where  an  x-ray 
beam  is  directed  at  the  film  at  varying  angles,  and  the  detector  shows  the  intensity  of 
the  x-rays  diffracting  at  that  angle.  The  angles  of  high  intensity  correspond  directly  to 
lattice  constant.  Very  little  {4a/a  <  0.02%)  lattice  mismatch  was  observed  at  any  MgO 
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Film  No. 

MgO 

Re 

(%) 

Growth 

temperature 

(TG) 

Thickness 

(pm) 

Bi  content 
(X) 

Optical  loss 
(dB/cm) 

Refractive 

index 

n 

FMR 

linewidth 

(Oe) 

MSW 
insertion 
loss  (dB) 

From  Allied  Signal 

Oil 

0 

715 

4.7 

0.79 

18.8 

2.342 

3.6 

55 

Grown  at  CMU 

SSA04 

2 

736 

3.4 

0.82 

SSA05 

2 

707 

2.8 

0.99 

SSA06 

2 

713 

3.2 

0.98 

SSA07 

2 

772 

2.9 

0.60 

SSA08 

2 

715 

3.9 

0.86 

SSB01 

1 

726 

3.4 

0.88 

17.5 

0.95 

SSB02 

1 

724 

3.7 

0.89 

21.9 

1.3 

SSB04 

1 

784 

1.5 

0.46 

SSB05 

1 

744 

3.1 

0.74 

23.2 

0.95 

SSB06 

1 

716 

3.4 

0.94 

24.6 

2.345 

0.87 

50 

SSC01 

2 

724 

3.1 

0.91 

23.6 

0.87 

SSC02 

2 

783 

1.4 

0.48 

SSC03 

2 

744 

2.4 

0.74 

20.7 

0.88 

SSC04 

2 

727 

3.1 

0.86 

21.9 

1.1 

SSC05 

2 

716 

3.0 

0.95 

29.9 

2.344 

0.87 

SSD01 

3 

724 

2.8 

0.87 

25.4 

1.1 

SSD02 

3 

715 

2.5 

0.88 

SSD03 

3 

727 

2.8 

0.80 

27.2 

0.97 

SSD04 

3 

745 

2.5 

0.72 

21.9 

0.90 

70 

SSD05 

3 

785 

0.83 

0.40 

Table  1.  Measured  properties. 
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doping  level  used  here. 

The  mass  of  each  sample  was  measured  using  a  microbalance.  Each  substrate 
was  weighed  before  and  after  growth,  with  the  difference  corresponding  to  the  mass  of 
the  film.  Thickness  was  measured  by  m-line  spectroscopy  on  one  sample  by  fitting  the 
obtained  mode  angles  with  the  refractive  index  and  thickness.  This  measurement  is 
obtained  in  conjunction  with  the  optical  attenuation  measurement  and  will  be  explained 
in  the  following  section.  The  thickness  could  therefore  be  calibrated  to  the  mass,  and 
the  thicknesses  of  the  other  films  was  thus  obtained. 

The  magnetooptic  effect  is  a  function  of  b'smuth  concentration  [16].  BiLulG  films 
were  grown  previously  at  CMU,  and  the  Faraday  rotation  was  measured  using  a 
magnetooptic  loop  tracer.  The  sample  is  mounted  between  the  poles  of  an 
electromagnet.  The  poles  have  a  hole  through  the  center.  Laser  light  of  a 
predetermined  polarization  is  aimed  through  these  holes,  through  the  film,  and  through 
a  device  which  separates  the  two  orthogonal  polarization  components.  The  intensity  of 
each  component  is  detected,  and  a  differential  amplifier  is  used  to  extract  the  change  in 
angle  of  polarization,  or  Faraday  rotation.  The  magnetic  field  is  swept,  and  the 
polarization  change  at  saturation  corresponds  to  the  absolute  Faraday  rotation  for  that 
film.  This  value  is  then  divided  by  the  thickness  of  the  film  to  determine  the  desired 
value  of  rotation  in  degrees  per  unit  length  through  the  film.  This  value  was  shown  to 
be  linearly  dependent  on  Bi  content,  as  expected,  for  the  earlier  films,  and  the 
magnitude  agreed  with  previously  reported  films  [5]  (See  Figure  4.) 


Faraday  Rotation  (V^m) 
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Bismu'! I  content  X  (Bi  Lu_  Fe^O.J 

X  O  -  X  O  1 


Figure  4.  Faraday  rotation  versus  bismuth  content  for 
previously  grown  films. 


3.2.  Optical  Waveguide  Properties 

The  optical  properties  of  the  films  were  measured  using  a  technique  based  on 

m-line  spectroscopy.  The  optical  attenuation  of  the  films  was  measured  using  a 

method  of  coupling  out  of  the  waveguide  with  a  moveable  exit  prism  on  a  film  of 

index-matching  fluid  [29].  Infrared  laser  light  at  1 .319  micrometers  wavelength  is 

coupled  into  the  waveguide  via  a  prism.  The  waveguide  is  mounted  vertically  at  the 

center  of  a  rotating  stage.  The  exit  prism  is  clamped  to  the  film,  and  there  is  a 

photodetector  on  the  stage,  which  can  be  adjusted  for  output  angle.  Light  is  coupled 

into  the  film,  propagates  with  loss  down  the  waveguide,  is  coupled  out  by  the  exit  prism, 

and  enters  the  photodetector,  and  the  power  incident  is  noted.  The  exit  prism  is  moved 

in  increments.  At  each  increment,  the  output  angle  of  the  photodetector  is  adjusted  if 

✓ 

necessary  to  maximize  the  power  received,  and  the  power  is  noted  again,  as  well  as 
the  length  of  the  increment.  In  this  fashion,  the  increase  in  power  with  decreasing 
propagation  length  may  be  calculated,  and  is  equal  to  the  optical  attenuation  per 
distance  in  the  film. 

Initially,  the  incident  angles  for  each  mode  in  the  films  were  found.  The  light  is 
coupled  into  the  same  apparatus  as  above  via  a  prism,  and  the  angle  at  which  the  light 
is  incident  is  variable  using  the  rotation  stage.  Instead  of  the  photodetector,  a  paper 
screen  is  placed  around  the  top  stage,  and  an  infrared  video  camera  is  used  to  see  the 
spots  on  the  screen  when  the  correct  angle  for  the  given  mode  is  dialed  in.  The 
incident  angle  corresponding  to  the  thiia  available  mode  with  TM  polarization  was 
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used  for  the  optical  attenuation  measurement  of  each  film. 

Mode  k-vectors  can  be  obtained  given  the  thickness  of  the  film  and  the  indices  of 
refraction  of  the  film,  substrate,  and  cover  by  standard  slab  waveguide  theory  [30].  An 
additional  birefringence  capability  was  added  following  the  scaling  factors  introduced 
by  Kogelnik  and  Ramsawamy  [31].  From  the  individual  mode  k-vectors,  the  exit  angle 
may  be  found.  Using  a  computer  program  to  give  these  resultant  mode  angles,  values 
for  the  film  index  and  thickness  with  each  polarization  were  varied  in  order  to  match  the 
experimental  results.  This  thickness  value  for  one  film  was  used  to  calibrate  the 
mass-thickness  measurement. 

No  reduction  in  optical  attenuation  proportional  to  magnesium  doping  was 
evident:  in  fact,  a  very  slight  increase  may  be  noted  (See  Figure  5).  These  values 
represent  guided  mode  attenuation,  and  so  do  not  exactly  reflect  the  intrinsic  material 

«r 

attenuation,  as  the  reflections  off  the  inside  of  the  waveguide  as  well  as  the  fact  that  the 
ray  path  can  be  represented  as  a  zigzag  pattern  instead  of  a  straight  line  propagating 
down  the  guide  contribute  to  the  measured  attenuation.  However,  upon  analysis  this 
error  proved  inconsequential.  For  sample  films  with  refractive  indices  as  found  above, 
the  magnitudes  of  the  reflection  coefficients  are  very  close  to  unity,  and  with  the 
measured  mode  angles,  the  propagation  down  the  waveguide  occurs  at  very  shallow 
angles.  For  example,  the  ratio  of  the  actual  propagation  length  down  the  waveguide 

versus  the  corrected  length  can  be  represented  as  the  cosine  of  that  reflection  angle,  0, 
where 

a  measured  ^ok| 

cos  0  = - T  =  t; — 

corrected  2rcn 


Optica)  attenuation  (dB/cm) 
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and  Xq  is  the  incident  light  wavelength,  k|  is  the  k-vector  of  the  given  mode,  and  n  is  the 

refractive  index  of  the  film.  For  several  films  grown  here,  this  correction  factor  equals 
approximately  0.98,  and  is  therefore  of  little  consequence  to  the  plot  of  attenuation 
versus  magnesium  content.  This  is  to  be  expected,  as  analysis  of  the  optical 
attenuation  of  one  film  for  three  different  modes  was  performed.  The  slope  of  power 
detected  versus  propagation  length,  i.e.  the  optical  attenuation,  is  the  same  for  each 
mode,  and  since  each  mode  has  a  different  angle,  the  thickness  differences  do  not 
matter  (See  Figure  6). 

The  most  widely  held  explanation  for  changes  in  optical  absorption  involves 
charge  compensation.  In  the  lead-free  melts  of  Tamada  [5],  it  was  postulated  that  the 
minimum  of  optical  attenuation  with  a  given  amount  of  Mg2+  doping  occurs  because 
the  Mg2+  replaces  Fe2+  ions  that  were  formed  to  compensate  for  r4+  ions  ' 
incorporated  from  the  platinum  crucible  and  oxygen  vacancies.  The  Fe2+  ions  are 
responsible  for  a  transition  which  results  in  higher  optical  attenuation,  but  the  right 
amount  of  Mg2+  to  compensate  for  Pt^+  and  oxygen  vacancies  will  eliminate  this. 
Tamada  showed  that  the  amount  of  Pt^+  remains  constant  over  several  MgO  dopant 
values,  as  there  is  a  finite  attack  on  the  crucible. 

In  the  PbO-based  system,  for  the  film  with  no  Mg2+,  there  are  several 
mechanisms  from  the  incorporation  of  lead  into  the  film  that  manifest  in  high  optical 
absorption,  such  as  the  Pb2+-Pb^+  intervalence  transition,  and  Pb^+-oxygen  vacancy 
transitions.  The  incorporation  of  Mg2+  is  initially  compensated  by  the  formation  of 
Pb^+,  but  most  of  it  increases  the  formation  of  Fe^+.  This  ion  can  account  for  the  slight 
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Propagation  length  (in) 


Figure  6.  Optical  mode  detected  power  versus  propagation  length 
in  the  waveguide  for  different  guided  modes. 


137 


increase  in  optical  attenuation.  However,  the  optical  absorption,  while  not  as  low  as 
the  lowest  achieved  by  Tamada  at  critical  Mg2+  doping  levels,  was  still  lower  than  his 
optical  absorption  for  other  values  of  MgO  including  zero.  X-ray  fluorescence  showed 
no  detectable  in  the  films,  as  there  is  less  bismuth  in  the  flux  to  attack  the  crudble 
This  precludes  the  formation  of  Fe2+,  and  so  there  is  no  increase  of  the  optical 
absorption  because  of  this  [32|. 
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3.3.  Microwave  Properties 

Ferromagnetic  resonance  (FMR)  linewidth  is  an  important  material  parameter 
relating  to  the  excitation  of  magnetostatic  waves.  FMR  linewidth  measurements  were 
performed  on  the  films  using  an  apparatus  fashioned  after  the  design  by  Adam,  et  al.  at 
Westinghouse  [33].  It  involves  a  small  hole  in  the  side  of  the  X-band  waveguide  used 
to  carry  the  microwave.  Around  this  small  hole  is  a  soft  magnetic  iron  plate,  and  the  film 
is  placed  near  to  this  hole.  The  hole  and  iron  plate  cause  a  well  in  the  applied 
magnetic  field,  and  so  only  a  small  localized  area  will  resonate.  This  method  has  the 
advantage  of  being  nondestructive  and  the  entire  LPE-grown  wafer  can  be  measured 
without  cutting. 

The  measurements  on  the  films  grown  from  the  PbO*based  melt  with  MgO  doping 
showed  very  low  linewidths  of  less  than  1  Oersted.  This  is  significantly  lower  than  the 
film  grovm  from  the  equivalent  PbO-based  melt  with  no  MgO,  although  there  is  little 
observable  trend  among  the  different  nonzero  MgO  doping  values  (See  Figure  7). 

The  drastic  reduction  in  FMR  linewidth  with  only  a  small  amount  of  MgO  doping 
can  also  be  explained  in  the  domain  of  charge  compensation  [34].  The  lead  in  the  melt 
can  be  incorporated  in  the  film  as  Pb2+  as  well  as  Pb^+.  With  no  Mg2+  in  the  film, 
differing  amounts  of  Pb2+  and  Pb4+  can  cause  the  occurence  of  Fe^+  and  Fe2+ 
respectively.  The  formation  of  Fe2+  is  known  to  produce  an  increase  in  linewidth  by 
the  valence  exchange  mechanism  [35].  The  addition  of  Mg2+  both  prevents  the 
incorporation  of  Pb2+  as  well  as  charge  compensating  the  Pb4+  obviating  the 
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production  of  the  nontrivalent  iron  ions  and  resulting  in  low  linewidth  [36]. 

The  films  were  then  measured  for  MSW  passband  characteristics.  The  MSWs 
were  excited  by  a  microwave  signal  launched  by  an  antenna  line  in  contact  with  the 
film  and  received  by  a  similar  antenna  after  propagating  1/2  inch.  This  was  performed 
in  an  applied  magnetic  field.  The  passband  measurements  showed  a  very  poor 
response  (see  Figure  8),  although  one  film  grown  with  MgO  was  shown  to  have  a 
stronger  response  than  the  one  grown  without  MgO.  This  result  is  contrary  to  the  very 
low  measured  FMR  linewidths. 

This  inconsistency  may  be  explained  by  the  fact  that  the  linewidth  is  measured  in 
a  highly  localized  area  (approximately  1  mm2),  while  the  MSW  passband 
measurement  must  cause  an  MSW  to  be  propagated  across  a  much  larger  distance 
(1/2  inch).  Further  FMR  measurements  showed  a  variation  in  ferromagnetic  resonance 
field  at  various  locations  on  the  same  wafer  of  up  to  10  Oe.  These  different  resonance 
fields  across  the  path  length  of  the  MSW  suggest  the  presence  of  inhomogeneities 
across  the  wafer  that  could  adversely  affect  the  MSW  propagation  characteristics.  The 
low  growth  temperatures  required  for  bismuth  substitution  can  lead  to  uneven  films  [19], 
as  can  the  lower  growth  rates  caused  by  MgO  substitution  [37].  In  addition,  some 
researchers  use  a  rotation  that  changes  direction  every  10  seconds  in  order  to  get  a 
uniform  film  [38].  Another  possibility  is  the  remaining  flux  on  the  film.  While  the 
droplets  are  mostly  removed  by  spinning  soon  after  removal  from  the  melt,  they  are  not 
completely  removed  and  there  is  growth  during  the  slow  removal  of  the  film  from  the 
furnace.  Faster  removal  from  the  furnace  might  alleviate  this  problem.  Slight  variations 
in  the  furnace  temperature  profile  could  also  cause  inhomogeneities. 
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Figure  8a.  Magnetostatic  wave  passband  plot  of  film  from  melt  with  no 
MgO  added. 
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4.  Conclusion 

Bismuth-doped  lutetium  iron  garnet  films  for  the  MSW-optical  mode  interaction 
were  grown  by  LPE  from  a  lead-oxide  based  flux.  The  flux  was  doped  with  varying 
amounts  of  MgO,  and  the  effects  were  compared  with  previously  reported  effects  on  a 
lead-free  melt.  It  was  shown  that  the  magnesium  incorporation  into  the  films  significantly 
decreased  the  FMR  linewidth  while  keeping  optical  absorption  fairly  constant.  The 
MSW  passbands  of  the  films  were  not  very  good,  but  this  may  be  alleviated  in  the  future 
by  employing  switching  rotation  direction,  and  precise  temperature  and  furnace  removal 
monitoring  to  ensure  more  homogeneous  films.  Also,  adjustment  of  melt  parameters  for 
higher  growth  rates  to  compensate  for  the  growth-rate  inhibition  due  to  the  MgO  may 
improve  the  homogeneity.  The  charge-compensation  mechanism  can  be  used  to 
explain  the  observed  effects  of  the  magnesium  doping. 

In  addition,  the  sodium  in  the  melt  adds  a  negative  uniaxial  anisotropy,  which  is 
adjustable  by  later  annealling,  and  has  no  detrimental  effects.  By  precision  annealling 
and  controlling  the  anisotropy  field,  the  MSW  passband  frequency  could  be  tuned  to  the 
desired  value. 

This  melt  composition  is  thus  found  to  be  a  viable  alternative  to  the  more  difficult 
lead-free  flux.  Individual  optimization  of  films  grown  from  this  flux  into  the  separate 
layers  of  the  less  restrictive  multi-layer  structure  would  ease  the  requirements  further, 
and  this  method  may  show  its  usefulness  in  devices  exploiting  the  MSW-optical  mode 


interaction. 
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